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INTRODUCTION 


The  inspection,  maintenance,  and  repair  of  waterfront  facilities 
require  an  efficient  method  of  removing  marine  fouling  and  corrosion 
from  underwater  structures.  Presently  over  half  of  the  Navy's  dive  time 
required  for  underwater  maintenance  and  repair  is  spent  cleaning  a 
structure  before  the  actual  work  is  begun.  Improved  methods  of  under¬ 
water  surface  cleaning  are  needed  to  decrease  this  surface  preparation 
time. 

The  development  and  recent  widespread  use  of  high-pressure  water- 
jets  have  provided  a  means  of  quickly  and  effectively  cleaning  offshore 
structures.  With  the  use  of  waterjet  devices,  divers  have  obtained 
higher  cleaning  rates,  decreased  work  time,  and  improved  ability  to 
clean  complex  nodes  and  shapes  that  are  inaccessible  with  conventional 
cleaning  tools.  As  more  diver  safety  features  have  been  incorporated 
into  high-pressure  waterjet  systems,  this  method  of  underwater  surface 
cleaning  has  increased  in  use.  The  numerous  waterjetting  systems  avail¬ 
able  vary  in  design,  operation,  and  efficiency.  In  1979  and  1980,  the 
Naval  Civil  Engineering  Laboratory  (NCEL),  under  the  sponsorship  of  the 
Naval  Facilities  Engineering  Command  (NAVFAC),  conducted  an  evaluation 
of  commercially  available  methods  of  underwater  surface  cleaning  on 
waterfront  structures. 

Based  upon  the  results  of  the  tests,  it  was  concluded  that  there 
was  no  commercial  system  available  that  combined  the  best  safety  and 
operational  characteristics  to  meet  the  Navy's  waterfront  structure 
cleaning  requirements.  Therefore,  in  1981  a  prototype  high-pressure 
waterjet  cleaning  system  was  developed  that  incorporated  the  best  fea¬ 
tures  identified  during  the  commercial  systems  evaluation.  In  1982 
and  1983  the  NCEL  prototype  waterjet  cleaning  system  was  tested,  modi¬ 
fied,  and  field  evaluated.  This  Technical  Report  presents  the  results 
of  the  NCEL  cleaning  system  development  effort. 


EVALUATION  OF  COMMERCIAL  CLEANING  SYSTEMS 
Objective  And  Criteria 

During  1979  and  1980,  several  commercially  available  underwater 
cleaning  systems  were  evaluated  to  identify  improved  cleaning  techniques 
to  decrease  the  Navy  dive  time  required  for  surface  preparation.  The 
objective  of  the  cleaning  tests  was  to  determine  the  characteristics  and 
capabilities  of  currently  available  underwater  cleaning  devices  for  re¬ 
moving  marine  fouling  from  submerged  concrete,  steel,  and  timber  water¬ 
front  structures.  These  characteristics  could  be  used,  along  with  other 
selection  criteria,  to  choose  an  appropriate  commercially  available 
cleaning  system  for  a  particular  Navy  application. 


Selection  criteria  included  the  following: 

•  diver  safety 

•  ease  of  use 

•  performance 

•  efficiency  and  cost 


Descriptions  Of  Systems 

Nine  underwater  surface  cleaning  tools  were  evaluated.  Seven  were 
waterjet  devices  that  utilized  cavitating  fan  jets,  very-high-pressure 
fan  or  straight  jets,  and/or  abrasive  injection.  The  mechanical 
cleaning  devices  included  a  rotary  abrading  tool  with  49  hardened  steel 
blades  that  attaches  to  a  standard  hydraulic  drill,  grinder,  or  sander, 
and  a  hydraulic  chipping  hammer.  The  waterjet  systems  selected  for 
capabilities  testing  were  typical  of  the  range  of  currently  available 
equipment.  Table  1  summarizes  the  types  of  waterblaster  cleaning  sys¬ 
tems  evaluated. 

Results 

The  performance  of  the  equipment  depended  upon  the  following 
parameters: 

•  diver  experience  and  familiarity  with  the  equipment 

•  operator  technique 

•  equipment  design  and  capabilities 

•  type  and  amount  of  fouling 


As  the  tests  progressed,  it  became  apparent  that  the  divers  with 
experience  in  handling  high-pressure  jets  and  underwater  cleaning  opera¬ 
tions  achieved  higher  cleaning  rates.  The  final  surface  condition  and 
cleaning  rate  also  depended  upon  the  technique  the  diver  used  in  operat¬ 
ing  the  equipment.  The  distance  from  the  work  surface,  the  angle  be¬ 
tween  the  surface  and  the  waterjet,  and  the  rate  of  translation  of  the 
tool  over  the  surface  are  other  important  factors  that  influenced  the 
final  results.  Often,  the  operator  did  not  maintain  the  standoff  dis¬ 
tance  or  impingement  angle  recommended  by  the  tool  manufacturer.  Also, 
to  ensure  complete  and  thorough  cleaning  of  the  surface,  the  operator 
tended  to  retrace  previously  cleaned  areas  or  to  move  slowly  across  the 
work  surface.  It  was  determined  that  the  best  general  operating  tech¬ 
nique  for  all  the  tools  included  a  standoff  distance  of  1/2  to  3  inches, 
an  impingement  angle  of  50  to  90  degrees,  and  quick  and  agitated  trans¬ 
lation.  Each  tool  has  an  optimum  operating  technique  that  should  be 
established  prior  to  any  actual  cleaning. 


Table  1.  Summary  of  Commercial  Waterblaster 
Cleaning  Systems  Evaluated 


Nozzle 

Waterblaster  Type 

Description 

Pressure 

(psi) 

Flow 

Dump-valve  waterjet 
pistol ;  no 
counterthrust 

Interchangeable 
cavitating  fan 
jet  nozzles 

10,000 

2-3  gpm 

Dump-valve  waterjet 
gun  with  adjustable 
retrojet 

Cavitating  fan 
jet  nozzle 

3,000 

22  gpm 

Dump-valve  waterjet 
gun  with  adjustable 
educted  retrojet 

Cavitating  fan 
jet  nozzle 

3,000 

18  gpm 

Pilot-operated 
waterjet  gun  with 
diffuser  shrouded 
retrojet3 

Interchangeable 
noncavitating 
fan  jet  nozzles 

4,000-10,000 

26-14  gpm 

Abrasives  delivered 
through  separate 
"dry"  line. 

Retrojet  with 
diffuser  shroud  on 
pilot-operated 
gun3 

Interchangeable 
noncavitating 
fan  jet  nozzles 

6,000 

(water) 

140 

(grit) 

20  gpm 
(water) 
50  cfm 
(grit) 

Dump-valve  shoulder 
stockgun;  no 
counterthrust 

Interchangeable 
noncavitating 
fan  jet  nozzles 

4,000-10,000 

7-10  gpm 

Dump-valve  waterjet 
pistol ;  no 
counterthrust 

Interchangeable 
noncavitating 
fan  jet  nozzles 

10,000 

2-3  gpm 

aThese  waterblasters  were  the  only  tools  tested  that  did  not  utilize 
a  bypass  or  dump  valve  on  the  gun.  These  recirculated  flow  at  the 
pump  and  shut  off  all  flow  to  the  tool  whenever  the  trigger  was 
released. 


The  design  of  the  equipment  and  its  ease  of  use  also  affected  the 
overall  performance  and  cleaning  rate.  The  heavier  and  larger  equipment 
was  more  difficult  to  maneuver  and  handle.  This  was  also  true  with 
rigid,  high-pressure  hoses.  The  devices  without  retrojets  and  with 
highly  tensioned  triggers  tended  to  cause  early  diver  fatigue,  espe¬ 
cially  in  the  hands  and  arms. 

The  structures  that  were  more  densely  covered  with  shell  growth, 
such  as  barnacles  and  tubeworms  and  other  heavy  fouling,  took  the  long¬ 
est  to  clean,  as  would  be  expected.  The  concrete  surfaces  tended  to  be 
fouled  with  more  tenacious  and  adherent  calcareous  growth,  which  re¬ 
quired  more  time  and  energy  to  clean  than  the  steel  surfaces. 

The  counterthrusted  high-pressure  water  gun  cleaned  steel  surfaces 
the  most  effectively,  averaging  cleaning  rates  of  over  4  ft2/min.  How¬ 
ever,  the  grit  injection  gun  was  the  only  tool  that  cleaned  steel  to  a 
bare  metal  finish.  The  rotary  abrading  tool  was  the  most  effective  and 
easiest  to  use  on  concrete  structures.  A  low  pressure  created  by  the 
rotating  blades  helped  to  support  the  tool  against  the  work  surface. 
The  cavitating  waterjet  pistol  was  the  easiest  waterblaster  to  use  be¬ 
cause  of  its  size  and  weight.  The  diver  did  not  report  any  early  fa¬ 
tigue  from  the  7-  to  8-pound  reaction  force  and  could  operate  the  tool 
with  one  hand. 

Recommendations 

Based  upon  the  results  of  the  cleaning  tests,  the  following  types 
of  commercially  available  devices  were  recommended  for  cleaning  under¬ 
water  structures: 

•  a  reactionless  waterjet  with  variable  flow  rates  and  pressures 
for  accessible,  heavily  fouled  concrete  and  steel  structures 

•  a  sand  injection  waterjet  to  remove  all  protective  coatings  from 
steel  surfaces,  leaving  a  bare  metal  finish 

•  a  rotary  abrading  device  for  concrete  structures  that  are  easily 
accessible  (Figure  1) 

•  a  cavitation  pistol  in  limited  access  areas  and  for  routine 
cleaning  of  concrete  and  steel  structures 

It  was  also  recommended  that  all  high-pressure  waterjet  cleaning  systems 
include  an  on-off  safety  lock,  a  trigger  guard,  and  at  least  one  length 
of  lightweight,  flexible,  high-pressure  supply  hose  to  improve  diver 
safety  and  ease  of  use. 

No  single  commercial  system,  however,  met  the  Navy's  specific 
waterfront  structure  cleaning  requirements.  Therefore,  a  need  still 
existed  for  an  improved  high-pressure  waterjet  cleaning  system  that  in¬ 
corporated  optimized  safety  and  design  features  to  meet  these  Navy  re¬ 
quirements.  The  commercial  cleaning  systems  test  and  evaluation  are 
described  in  detail  in  Reference  1. 


Figure  1.  Whirl  Away  rotary  abrading 


PROTOTYPE  DEVELOPMENT 


Specifications 

High-pressure  waterjet  systems  usually  require  large  amounts  of 
power  to  develop  the  proper  operating  pressures  and  flow  rates.  Many 
cleaning  systems  are  counterbalanced  to  produce  no  net  thrust  on  the 
diver  and,  therefore,  lose  over  50%  of  the  potential  cleaning  power  de¬ 
veloped  at  the  pump  in  the  retrojet  nozzle  alone.  Underwater  cleaning 
efficiency  can  be  enhanced  by  fluctuating  stresses  from  the  collapse  of 
cavitation  bubbles  on  the  surface  being  cleaned.  The  cavitation  bubbles 
occur  at  the  nozzle  exit  due  to  the  high  relative  velocity  between  the 
exit  jet  and  the  stationary  ambient  fluid. 

High-pressure  waterjetting  is  a  potentially  hazardous  operation. 
The  risks  increase  when  the  operator  is  subjected  to  the  underwater  con¬ 
ditions  of  poor  visibility  and  cold  temperatures.  Therefore,  waterjet 
systems  utilize  a  variety  of  different  safety  features  to  decrease  the 
potential  dangers  encountered  when  operating  these  devices  submerged  in 
a  marine  environment. 

Considering  the  above  observations,  a  small,  hand-held,  high- 
pressure  pistol  that  does  not  require  any  thrust  compensation  and  uti¬ 
lizes  cavitation  erosion  was  selected  as  the  best  underwater  surface 
cleaning  device  for  Navy  applications  based  upon  efficiency,  ease  of 
use,  safety,  and  capability.  The  cleaning  system  also  included  a 
diesel-driven  power  source  and  all  interconnecting  hoses  and  hardware. 
Based  upon  the  results  of  the  commercial  systems  evaluation,  specifica¬ 
tions  for  the  prototype  cleaning  system  were  developed  and  are  listed  in 
Table  2. 


Table  2.  Original  Contract  Specifications 


Item 

Specification 

Cavitating  Waterjet  Pistol 

Operating  Depth 

120  ft 

Pistol  Weight 

5  lb  maximum  weight  (in  water) 

Jet  Thrust 

12  lb  maximum 

Design  Safety  Factor 

2:1  minimum 

Trigger  Mechanism 

Operable  by  diver  wearing  three-fingered 
gloves 

10-lb  maximum  actuating  force 

5-lb  minimum  actuating  force 

Lock-open  switch  in  no-flow  position 

Positive  shutoff  of  high-pressure  water  at 
pistol 

continued 


Table  2.  Continued 


Item 

Specification 

Nozzle  Type 

Cavitating  straight  and  fan  jet 

Cavitation  focused  within  i/2  to  2  in. 
from  nozzle 

Nozzle  Pressure 

10,000  psi 

Nozzle  Flow  Rate 

2-3  gpm 

Noise  Level 

Below  8-hr  OSHA  standard  when  measured 
through  1/2-in.  wetsuit  hood 

Power  Unit 

Dimensions 

2  x  5  x  2-1/2  fta 

Weight 

1,700  lb  maximum3 

F  ranie 

Adaptable  for  crane  and  forklift  handling 

Pump 

Positive  displacement 

Power  Source 

Air-cooled  diesel 

8-hr  fuel  supply 

Fuel-level  gage 

12- V  starter 

Heavy-duty  battery 

Hose  Storage 

Rack  or  hand-powered  reel 

Interconnecting  Hardware 

High-Pressure  Hose 

Three  50-ft,  5/16-in.  ID  hoses 

Foot-Actuated  On-Off  Valve 

Controls  high-pressure  water  flow  from 
power  unit  to  tool 

Automatic  direct  shutoff  of  high-pressure 
water 

Uniform  port  sizes  or  adapters  for  uniform 
port  sizes 

Gages 

Engine  hour  meter 

Engine  oil  pressure 

Pump  pressure 

Unloader  pressure  level 

Water  Reservoir 

Sized  to  provide  10  min  of  uninterruptec. 
operation0 

1-1/2-in.  NPT  threads  for  water  inlet 

aThese  values  are  considered  design  goals  and  not  absolute  parameters. 
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Contract  Performance 


A  contract  was  awarded  to  Flow  Industries,  Inc.,  Kent,  Wash.,  to 
develop  the  prototype  underwater  cleaning  system.  The  contractor  was 
required  to  develop  preliminary  and  final  designs  and  then  to  fabricate, 
test,  and  deliver  a  complete  underwater  surface  cleaning  system. 

The  approach  proposed  by  Flow  Industries,  Inc.  during  the  prelimi¬ 
nary  design  review  utilized  a  pressure  intensifier  pumping  unit  to 
supply  10,000-psi  water  to  the  cleaning  tool.  Advantages  of  the  inten¬ 
sifier  pump  for  this  application  over  the  more  common  triplex  pump  in¬ 
clude  the  following: 

•  The  intensifier  can  be  used  to  supply  several  cleaning  tools 
simul taneously.  The  number  of  tools  that  can  be  supplied  by  a 
single  unit  is  limited  only  by  available  horsepower. 

•  The  intensifier  is  hydraulically  driven  by  a  pressure- 
compensated  pump.  This  permits  direct  tool  shutoff  (i.e.,  no 
high-pressure  water  bypass  is  required). 

•  Intensifier  output  flow  rate  and  pressure  are  directly  con¬ 
trolled  by  demand.  This  feature  contributes  to  fuel  conserva¬ 
tion  when  the  system  is  either  idling  or  operating  at  less 
than  peak  demand. 

•  The  intensifier  is  compact,  reliable,  and  easily  serviced  and 
maintained. 

The  high-pressure,  double-acting  fluid  intensifier  is  a  hydrauli¬ 
cally  driven,  reciprocating  plunger  pump  (Figure  2).  Pressurized  hy¬ 
draulic  oil  is  valved  to  alternate  sides  of  a  large  piston,  causing  it 
to  move  back  and  forth.  The  large  piston  is  connected  to  two  smaller 
pistons  that  pump  water  on  each  stroke.  The  relationship  between  oil 
pressure  and  water  pressure  is  determined  by  the  4:1  ratio  of  the  oil 
piston  area  to  the  water  piston  area.  Thus,  when  the  hydraulic  oil 
pressure  is  2,500  psi,  the  resulting  water  pressure  will  be  10,000  psi. 

Two  trigger  valve  designs  for  the  waterjet  cleaning  tool  were  pre¬ 
sented  during  the  preliminary  design  review.  The  first  design  used  a 
pneumatic  system  to  indirectly  actuate  and  stop  the  high-pressure  water 
flow  (Ref  2).  The  disadvantage  of  the  pneumatic  control  was  its  slow 
response  time.  It  was  estimated  that  there  would  be  up  to  a  1-second 
delay  in  completely  stopping  all  flow  from  exiting  the  nozzle. 

The  second  preliminary  trigger  valve  design  employed  a  direct  shut¬ 
off  with  a  spring-loaded  mechanical  valve  stem.  This  design  provided  a 
positive  method  for  controlling  the  high-pressure  water  with  no  delay  in 
response  time.  However,  it  was  decided  that  tool  performance  and  reli¬ 
ability  would  improve  with  a  pilot-operated  trigger  valve  to  directly 
control  the  flow  and  decrease  diver  fatigue  by  decreasing  the  hand  force 
required  to  maintain  the  trigger  in  the  full  open  position. 


hydraulic 

oil  out  water  in 


Operating  Principal  of  Double  Acting  Fluid  Intensifier 

General  Specifications 

Weight  -  97  lb  Oil  Input  Required  —  24  gpm  at  3,000  psi 

Water  Flow  Required  (maximum  operation) 

Submerged  —  Pumps  from  surroundings  Output  Water  Pressure  —  12,000  psi 

Not  Submerged  -  10  gpm  at  40  psi  (maximum  working  pressure) 

Water  Filtration  Required  -  1  it  Oil  Type  Required  -  Shell  Tellus  68 

Oil  Filtration  Required  -25  It  or  Equivalent 

Figure  2.  Flow  Industries,  Inc.  double-acting  fluid  intensifier 
(from  Ref  2). 

During  the  preliminary  design  review  the  specification  for  a  water 
reservoir  was  waived  and  replaced  by  an  auxiliary  or  "charge"  water  pump 
to  supply  a  minimum  of  50  psi  to  the  pressure  intensifier.  It  was  also 
agreed  that  overall  system  performance  would  be  improved  by  using  a 
single-size,  5/16-inch-ID,  high-pressure  supply  hose  instead  of  the 
specified  1/2-inch-  and  1/4-inch-ID  hose  combination.  The  selected 
Polyflex  2000ST  hose  provides  uniformity  of  fittings  and  connections  and 
causes  a  smaller  pressure  drop  while  maintaining  flexibility.  These 
modifications  to  the  original  specifications  were  included  in  the  final 
design.  A  detailed  description  of  the  contract  prototype  development 
can  be  found  in  Reference  2. 

As-Built  System  Description 

Cleaning  Tool .  The  cleaning  tool  is  a  cavitating  waterjet  pistol 
(Figure  3)  designed  for  one-hand  operation.  High-pressure  water  flow 
through  the  tool  is  controlled  by  differential  pressure  on  a  poppet 
valve  (Figure  4).  The  smal 1 -diameter  pilot  valve  is  manually  controlled 
by  the  pistol  trigger.  Depressing  the  trigger  forces  the  pilot  valve 
from  its  seat  and  allows  high-pressure  water  to  flow  to  the  nozzle  and 
balance  the  pressure  on  the  main  poppet  valve.  Hydrodynamic  forces  will 
further  open  the  main  poppet  valve  to  allow  full  flow  of  high-pressure 
water  to  the  nozzle.  Releasing  the  trigger  allows  the  pilot  poppet 
spring  to  reseat  the  now  balanced  main  poppet.  Differential  pressure 
then  begins  to  take  effect  and  seal  the  poppet  as  the  downstream  section 
drains  to  lower  ambient  pressure  through  the  nozzle. 
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(a)  As-building  drawing  (from  Ref  2) 


(b)  Photograph 


Figure  3.  Cavitating  waterjct  pistol. 
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Two  types  of  nozzles  were  delivered  for  use  with  the  tool:  an 
aluminum-oxide  (single-crystal  sapphire)  orifice  nozzle  available  in 
sizes  ranging  from  0.003  to  0.125  inch  in  diameter,  and  a  tungsten- 
carbide  fan  jet  nozzle  available  in  a  wide  range  of  angles  and  equiva¬ 
lent  orifice  diameters.  Both  of  these  nozzle  options  produce  sufficient 
velocities  at  sharp-edged  exits  to  result  in  excellent  cavitation.  The 
nozzles  are  mounted  in  similar  holders  that  do  not  require  the  use  of 
tools  for  easy  changeout  by  a  diver-operator  wearing  three-fingered 
gloves. 

The  as-built  cleaning  tool  specifications  are  given  in  Table  3. 


Power  Unit.  A  modular-design  power  unit  was  developed  by  Flow 
Industries,  Inc.  to  permit  a  variety  of  applications  and  to  simplify 
fabrication,  assembly,  maintenance,  and  repair  of  the  system.  The  power 
unit  contains  a  drive  module,  a  hydraulics  module,  and  a  high-pressure 
module.  The  modules  are  bolted  together  within  a  protective  frame  de¬ 
signed  for  forklift  and  crane  handling. 
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Table  3.  Specifications  for  the  Waterjet  Pistol  Cleaning  Tool 


Item 

Maximum  Operating  Pressure 
Maximum  Flow  Rate 
Weight  (in  air) 

Operating  Fluid 
Trigger  Pull  at  10,000  psi 
Design  Type 

Safety  Mechanism 
Material 
Operating  Depth 
Theoretical  Jet  Thrust 
Design  Safety  Factor 
Nozzle 

Straight  Jet 
Fan  Jet 


Specification 

12,000  psi 
3  gpn 
5.04  lb 
Freshwater 
5.34  lb 

Direct-acting  shutoff  valve 
Pilot-operated,  spring-actuated,  normally 
closed 

Manual  lock 

Stainless  steel  construction 
120  ft 

7.9  lb  (0.031-in.  straight  nozzle) 

2:1  minimum 

0.031-in.  diameter 

0.029-in.  equivalent  diameter 
8  to  10  deg  flat  fan  angle 


The  drive  module  contains  a  Deutz  air-cooled  diesel  engine,  fuel 
tank,  battery,  and  mufflers.  The  drive  module  also  includes  a  direct- 
mounted,  Denison  variable-displacement,  pressure-compensated  piston  pump 
and  an  auxiliary  or  precharge  water  pump.  Engine  controls  and  automatic 
safety  shutdowns  are  located  at  the  rear  of  the  module  where  they  may  be 
easily  accessed  by  the  operator.  The  primary  purpose  of  the  drive 
module  is  to  supply  hydraulic  oil  pressure  and  inlet  water  to  the  pres¬ 
sure  intensifier. 

The  hydraulics  module  contains  the  hydraulic  oil  reservoir,  fil¬ 
ters,  relief  valves,  heat  exchanger,  pressure  switches,  and  intensifier 
pressure  controls.  The  hydraulic  pump,  which  is  mounted  directly  onto 
the  engine,  is  part  of  the  drive  module.  All  of  the  components  of  the 
hydraulics  module  are  mounted  in  a  frame  that  bolts  directly  to  the 
high-pressure  module  frame. 


The  high-pressure  module  contains  the  intensifier,  an  accumulator, 
and  various  hoses  and  fittings.  The  high-pressure  module  produces  water 
as  its  output  at  a  pressure  four  times  that  of  the  input  pressure  of  the 
hydraulic  oil  intensifier.  The  protective  framework  housing  the 
high-pressure  module  and  the  hydraulics  module  also  serves  as  a  mounting 
frame  for  the  drive  module. 

A  photograph  of  the  power  unit  and  a  drawing  of  the  hydraulic  cir¬ 
cuit  are  shown  in  Figures  5  and  6,  respectively.  The  as-built  power 
unit  specifications  are  shown  in  Table  4. 

Interconnecting  Hardware.  The  interconnecting  hardware  includes 
three  50-foot,  5/16-inch-ID,  high-pressure  hose  assemblies  and  the  foot- 
actuated  shutoff  valve.  The  hoses  are  identical  and  can  be  attached  in 
any  order.  Adapters  have  been  added  to  all  tool  and  power  unit  valves 
to  standardize  the  fittings  throughout  the  system.  The  foot  valve  and 
tool  bodies  and  all  of  their  internal  parts  are  identical  and  inter¬ 
changeable.  The  foot  valve  operates  like  the  cleaning  tool.  To  actuate 
the  foot  valve,  the  foot  pedal  is  depressed  to  unseat  the  pilot  poppet 
(Figure  4). 

Acceptance  Test  And  Delivery 

Tests  were  carried  out  on  all  components  both  individually  and  as¬ 
sembled  into  a  system.  The  power  unit  checkout  and  test  consisted  of 
setting  and  checking  all  emergency  shutdowns  and  running  the  diesel 
engine  and  intensifier  pump  for  20  hours.  This  20-hour  checkout  was 
performed  at  the  normal  10,000-psi  operating  pressure.  A  preliminary 
cleaning  tool  and  foot  valve  checkout  was  performed,  followed  by  a 
1-hour  test  at  10,000  psi  to  ensure  proper  function.  Both  the  fan  and 
straight  jet  nozzles  were  checked  out  for  proper  operation. 

A  4-hour  acceptance  test  was  conducted  at  the  contractor's  facil¬ 
ity.  During  this  test,  the  cleaning  tool  and  foot  valve  were  cycled  by 
several  individuals  to  demonstrate  proper  performance.  The  cleaning 
tool  was  fitted  with  a  tungsten-carbide  fan  jet  nozzle  for  the  test.  It 
was  then  submerged  in  a  tank  of  water  and  run  for  4  hours  at  the 
10,000-psi  operating  pressure.  At  the  end  of  the  4-hour  period,  the 
cleaning  tool  was  again  cycled  to  ensure  its  proper  functioning. 

The  tungsten-carbide  fan  jet  nozzle  used  during  the  acceptance  test 
suffered  a  certain  amount  of  erosion  or  wear.  This  is  because  fan  jet 
nozzles  must  at  present  be  fabricated  of  metals  such  as  tungsten-carbide 
rather  than  the  harder  diamond  and  sapphire  used  for  circular-orifice  or 
straight  jet  nozzles.  Although  diamond  and  sapphire  nozzles  are  ex¬ 
pected  to  last  indefinitely  at  jet  velocities  corresponding  to 
10,000-psi  water  pressure,  these  materials  are  currently  too  expensive 
for  use  in  fan  jet  nozzles.  However,  although  susceptible  to  wear, 
tungsten-carbide  fan  jet  nozzles  generally  provide  very  good  service 
life  at  the  required  10,000-psi  operating  pressure. 

Fan  nozzle  configuration  and  method  of  manufacture  strongly  in¬ 
fluence  nozzle  wear.  Sharp  corners  and  thin  sections  at  the  edges  of 
some  nozzles  will  erode  slightly  and  then  stabilize  after  a  few  hours  of 
operation.  This  results  in  a  slightly  larger  than  optimum  orifice  and, 
consequently,  a  greater  flow  rate  from  the  nozzle  and  greater  thrust  on 
the  tool,  provided  the  nozzle  pressure  remains  constant. 
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(b)  Photograph 


Figure  5.  Power  unit. 
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Figure  6.  Power  unit  schematic  diagram. 
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Table  4.  Power  Unit  Specifications 


Item 

Specification 

Flow  Industries  Model  Number 

81  DM3 

Diesel-drive  module 

81  HPM12 

High-pressure  module 

82  HM 

Hydraulics  module 

Dimensions 

Height 

4  ft 

Width 

5  ft 

Length 

6  ft 

Weight 

3,500  lb 

Water  Requirements 

Flow 

5  gpm  at  50  psi 

Booster  Pump  (optional) 

5  gpm  at  0  psi 

Filtration 

10  y 

Water  Output 

Flow  Rate 

0-3  gpm 

Pressure 

0-12,000  psi 

Engine  -  Deutz  Diesel  F3L912W 

Sea  Level  Rating 

34  hp  at  1,800  rpm 

Fuel  Consumption 

2  gph 

Fuel  Capacity 

24  gal 

Engine  Gages 

Engine  hour  meter 

Engine  oil  pressure 

Tachometer 

Fuel  level 

Cylinder  head  temperature 
Voltmeter 

Ammeter 

Electrical  System 

Hydraulic  Pump  -  Denison  P6P 
(Variable-displacement, 
pressure-compensated  piston  pump) 

12  V 

Displacement 

6  in.3/rev 

Maximum  Continuous  Pressure 

3,000  psi 

Hydraulic  System  (sealed,  closed-loop) 

Oil  Capacity 

15  gal 

Oil  Type 

Shell  Tellus  68  or  equivalent 

Filtration 

10  y 

Hydraulic  System  Gages 

Hydraulic  system  pressure 
Intensifier  inlet  pressure 

Inlet  water  pressure 

Outlet  water  pressure 
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After  determining  that  the  cleaning  system  had  passed  the  accep¬ 
tance  test,  the  prototype  high-pressure  waterjet  cleaning  system  was 
delivered  to  NCEL,  along  with  a  preliminary  Operation  and  Maintenance 
Technical  Manual,  in  September  1981. 


PROTOTYPE  TEST  AND  EVALUATION 

*  During  1982,  the  prototype  cleaning  system  was  tested  and  evaluated 
in  the  laboratory  and  the  field.  The  tests  included  nozzle  erosion  and 
reaction  force  tests,  sound  pressure  level  tests,  damage  versus  distance 
tests,  harbor  field  tests,  and  Underwater  Construction  Team  Two  (UCT-2) 
field  tests.  The  nozzle  erosion  and  reaction  force  tests  were  conducted 

»  .  simultaneously.  The  nozzle  erosion  tests  determined  the  extent,  if  any, 

*  of  nozzle  wear  with  continued  operation.  The  reaction  force  tests  mea¬ 
sured  the  reaction  or  backthrust  of  the  waterjet  pistol  using  various 
nozzle  sizes.  The  sound  pressure  level  tests  measured  the  underwater 
sound  levels  generated  by  the  waterjet  pistol  to  determine  if  a  hearing 
hazard  exists  for  diver-operators.  The  damage  versus  distance  tests 
measured  the  standoff  distance  required  to  prevent  damage  to  various 

&  materials.  The  harbor  field  tests  were  conducted  to  evaluate  overall 

system  performance  including  cleaning  capability,  safety,  and  ease  of 
use.  Similarly,  the  UCT-2  field  tests  were  conducted  to  evaluate  system 
performance  and  as  a  preliminary  step  in  obtaining  Authorization  for 
Navy  Use  (ANU). 

■ 

®  Nozzle  Erosion  And  Reaction  Force  Tests 

As  a  result  of  the  nozzle  wear  that  occurred  during  the  contract 
4-hour  acceptance  test,  a  series  of  tests  was  conducted  to  evaluate  the 
rate  of  nozzle  erosion.  Four  nozzles  were  used:  a  0.031-inch  straight 

a  jet,  a  0.025-inch  fan  jet,  a  0.031-inch  fan  jet,  and  a  0.039-inch  fan 

■  jet. 

During  the  tests,  the  cleaning  tool  was  mounted  in  a  stand  that 

acted  like  a  cantilever  beam.  A  diagram  and  photographs  of  the  test 
configuration  are  shown  in  Figure  7.  A  set  of  strain  gages  at  the  base 
of  the  cantilever  measured  the  reaction  force  from  the  waterjet  tool. 

*  Nozzle  size  was  measured  with  an  optical  comparator  before  and 

*  after  each  test  run  to  determine  if  any  wear  had  occurred.  Also,  the 
strain  gage  measurement  of  the  reaction  force  was  continuously  output 
on  a  strip  chart  recorder,  sampled  and  displayed  on  a  digital  voltmeter, 
and  stored  on  magnetic  tape  using  a  Hewlett-Packard  85  microcomputer. 
By  monitoring  the  reaction  force,  any  significant  changes  in  nozzle  ori¬ 
fice  size  could  be  detected  as  a  result  of  the  increased  mass  flow 

*  through  the  nozzle. 

Each  nozzle  was  operated  at  10,000  psi  for  more  than  10  hours.  No 
significant  change  in  nozzle  orifice  size  occurred  during  any  of  the 
tests.  The  data  from  the  tests  are  summarized  in  Table  5.  The  average 
measured  reaction  force  for  each  of  the  nozzles  is  as  follows: 

_  9.5  pounds  for  the  0.031-inch  straight  jet,  4.0  pounds  for  the 

*■  0.025-inch  fan  jet,  12.4  pounds  for  the  0.031-inch  fan  jet,  and 

16.1  pounds  for  the  0.039-inch  fan  jet. 


I. 
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(b)  Photographs  of  cantilever 


Figure  7.  Nozzle  erosion  test  set  up. 
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Table  5.  Reaction  Force  and  Nozzle  Erosion  Test  Data 
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Based  upon  the  results  of  the  nozzle  erosion  and  reaction  force 
tests,  it  was  concluded  that  no  significant  wear  of  the  nozzle  orifice 
should  occur  if  the  original  nozzle  is  of  standard  quality  and  crafts¬ 
manship.  Minor  defects,  such  as  sharp  corners  and  thin  edges,  of  fan 
jet  nozzles  can  cause  the  orifice  to  wear  during  the  initial  hours  of 
operation.  To  ensure  reliability  with  respect  to  nozzle  wear,  it  is 
recommended  that  fan  jet  nozzles  be  operated  for  a  minimum  of  4  hours 
before  releasing  for  field  use. 

Sound  Pressure  Level  Tests 

Underwater  noise  measurements  generated  by  the  prototype  high- 
pressure  waterjet  system  were  analyzed  to  determine  if  a  hearing  hazard 
existed  for  diver-operators.  Initial  tests  were  conducted  at  the  Naval 
Coastal  Systems  Center  (NCSC),  Panama  City,  Fla.,  in  December  1981. 
Measurements  were  made  for  SCUBA  divers  with  and  without  the  protection 
of  a  1/4-inch  wetsuit  hood  and  also  for  MARK  12  divers.  An  overall  av¬ 
erage  sound  pressure  level  (OASPL)  for  the  tool  was  determined  based 
upon  guidelines  used  by  the  Navy  Experimental  Diving  Unit  (NEDU)  in  the 
ANU  process  for  diver  tools.  The  OASPL  was  modified  for  underwater 
noise  by  correcting  for  reference  level,  A-weighting,  and  acoustic  im¬ 
pedance  mismatch  as  described  in  Reference  3.  The  OASPL  was  then  com¬ 
pared  with  the  Occupational  Safety  and  Health  Administration  (OSHA) 
in-air  standards  to  determine  if  a  potential  hearing  hazard  existed  and, 
if  so,  to  establish  a  time  limit  for  the  tool's  underwater  use.  The 
OSHA  criterion  is  based  upon  a  maximum  of  90  decibels  for  8-hour  expo¬ 
sure  periods  with  a  5-decibels  trading  relationship  (i.e.,  the  allowable 
exposure  time  is  halved  for  every  5-decibels  increase  in  sound  level). 

Based  upon  the  results  of  these  tests,  which  are  described  in 
detail  in  Reference  4,  it  was  recommended  that  a  wetsuit  hood  be  worn 
during  tool  use  and  no  operating  time  limit  be  imposed.  However,  after 
reviewing  the  procedures  for  analysis  of  underwater  sound  pressure 
levels,  the  Chief  of  the  Bureau  of  Medicine  and  Surgery  (BUMED)  in 
July  1982  determined  that  the  guidelines  in  use  at  the  Navy  Experimental 
Diving  Unit  were  too  lenient  and  the  underlying  assumptions  for  the 
underwater  correction  factors  may  have  been  in  error.  In  particular, 
the  adjustments  for  acoustic  impedance  mismatch  and  A-weighting  factor 
were  questioned  and  the  OSHA  criteria  were  waived  in  lieu  of  the  more 
stringent  Department  of  Defense  sound  level  damage  risk  criteria 
(Ref  5).  While  a  comprehensive  instruction  on  underwater  noise  limits 
is  developed,  BUMED  has  provided  interim  guidance  for  determining  under¬ 
water  noise  levels  (see  Appendix  A). 

Damage  Versus  Distance  Tests 

In  addition  to  the  sound  level  measurement  tests,  damage  versus 
distance  tests  were  conducted  at  the  Naval  Coastal  Systems  Center  to 
determine  the  standoff  distance  required  to  prevent  damage  to  various 
materials.  The  three  materials  tested  included  1/4-inch  neoprene  (wet¬ 
suit  material)  with  a  one-sided  nylon  cover,  a  bronze  plate  (propeller 
material),  and  a  3/16-inch  plate  of  fiberglass.  The  two  nozzles  with 
greatest  jet  intensity  were  used:  the  0.031-inch  straight  jet  and  the 
0.039-inch  fan  jet. 


For  the  damage-to-wetsuit-material  tests,  the  0.031-inch  straight 
jet  nozzle  was  initially  positioned  approximately  3  inches  from  the 
material  and  operated  at  10,000  psi  for  30  seconds.  A  3/8-inch-long  cut 
completely  through  the  wetsuit  material  (neoprene  and  nylon)  was  mea¬ 
sured.  At  a  4-1/4-inch  standoff  distance,  a  3/8-inch-long  cut  occurred 
that  penetrated  only  halfway  through  the  wetsuit  material  after  30  sec¬ 
onds  of  operation.  The  nozzle  was  moved  back  to  a  5-inch  standoff  dis¬ 
tance  and  operated  for  30  seconds,  resulting  in  only  slight  abrasion  of 
the  wetsuit  material.  When  the  0.031-inch  nozzle  was  operated  at  a 
6-inch  standoff  distance  for  2-1/2  minutes,  no  damage  to  the  wetsuit 
material  was  noted. 

The  0.039-inch  fan  jet  nozzle  caused  less  severe  damage  than  the 
0.031-inch  straight  jet  nozzle.  At  a  3-1/8-inch  standoff  distance,  the 
tool  was  operated  at  10,000  psi  for  2-1/2  minutes  with  no  visible  damage 
to  the  wetsuit  material  occurring.  The  complete  damage  versus  distance 
test  data  are  shown  in  Table  6. 

Harbor  Field  Tests 


Field  tests  were  conducted  in  Port  Hueneme  Harbor,  Calif.,  to  de¬ 
termine  the  cleaning  capability,  human  factors  and  safety  characteris¬ 
tics,  and  maintenance  requirements  of  the  NCEL  high-pressure  waterjet 
system.  The  cleaning  system  was  evaluated  based  upon  its  ability  to 
remove  fouling  and  corrosion  from  the  submerged  portions  of  concrete  and 
steel  waterfront  structures.  Also,  the  human  factors  design  of  the 
waterjet  pistol  was  evaluated. 

Since  most  of  the  time  required  to  completely  clean  underwater 
surfaces  is  spent  removing  the  last  remnants  of  stubborn  shell  growth 
and  fouling,  two  cleaning  times  were  recorded.  Cleaning  to  remove  mod¬ 
erate  to  heavy  fouling  consisting  of  weed  growth,  algae,  rust,  and  loose 
barnacles  or  tubeworms  was  called  "preliminary  cleaning."  Cleaning  to 
remove  all  heavy  fouling  including  stubborn  shell  growth  and  any  protec¬ 
tive  coating  was  called  "final  cleaning."  Based  upon  cleaning  rates 
obtained  in  1980  with  various  commercially  available  high-pressure 
waterjet  devices  (Ref  1),  cleaning  rates  were  established  as  criteria 
for  evaluating  the  prototype  system  cleaning  capability.  The  cleaning 
rate  criteria  are  as  follows: 

Cleaning  Rates  (ftz/min) 

Surface  Prel iminary  Final 

Steel  2.50  1.20 

Concrete  1.60  0.60 

NOTE:  The  goal  of  the  prototype  cleaning  tests  was  to  achieve  cleaning 
rates  that  exceeded  the  cleaning  rate  criteria. 

The  human  factors  evaluation  included  diver-operator  comments  on 
handling,  maneuverability,  hose  stiffness,  reaction  force,  trigger  ten¬ 
sion,  hand  or  forearm  fatigue,  and  noise  level. 
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Standoff  Operating 

Nozzle  Material  Distance  Time  Results 

(in.)  (min) 


After  a  topside  safety  and  operational  briefing,  two  divers  were 
deployed  with  the  cleaning  tool  and  underwater  video  equipment.  The 
initial  surface  condition  of  the  steel  or  concrete  piling  was  documented 
on  video.  A  portion  of  the  piling  was  then  measured  and  roped  off  for 
cleaning.  After  the  cleaning  was  completed,  the  final  surface  condition 
was  documented  and  the  operator's  comments  were  recorded.  Seven  dif¬ 
ferent  Navy  divers  operated  the  cleaning  system  during  the  underwater 
tests  (Figure  8).  The  four  available  nozzles  were  evaluated  at  three 
different  operating  pressures:  8,000,  10,000,  and  12,000  psi. 

As  expected,  the  major  factors  affecting  the  cleaning  rate  included 
diver  experience  with  the  tool,  operating  technique,  and  type  of 
fouling.  Increasing  the  flow  rate  (by  using  a  larger  nozzle)  or  the 
pressure  did  not  result  in  a  corresponding  increase  in  cleaning  rate 
because  at  higher  flows  and  pressures  the  reaction  force  of  the  tool  is 
greater  and  the  operation  of  the  tool  becomes  more  difficult  and  fa¬ 
tiguing.  A  tradeoff  occurs  between  ease  of  handling  (reaction  force) 
and  hydraulic  power  (pressure  and  flow).  The  results  of  the  cleaning 
tests  are  given  in  Table  7  and  summarized  in  Table  8. 

On  concrete  surfaces,  where  marine  fouling  tends  to  be  more  tena¬ 
cious  and  adherent,  the  average  preliminary  and  final  cleaning  rates 
were  less  than  the  established  criteria.  The  prototype  waterblaster 
quickly  removed  all  loose  material,  but  more  time  was  required  to  remove 
the  stubborn  shell  growth  found  on  most  underwater  concrete  structures. 
This  was  as  expected,  since  during  the  original  commercial  cleaning  sys¬ 
tems  evaluation  it  was  determined  that  the  optimum  device  for  thoroughly 
cleaning  concrete  structures  was  not  a  waterblaster  but  a  device  called 
the  "Whirl  Away."  The  Whirl  Away,  available  from  Robert  C.  Collins  Co., 
is  a  rotary  abrading  attachment  that  fits  a  standard  hydraulic  grinder 
or  drill  (Figure  1).  This  device  achieved  an  average  final  cleaning 
rate  of  0.68  ft2/min  on  concrete  surfaces  during  the  commercial  cleaning 
systems  evaluation  in  1979.  Preliminary  cleaning  rates  for  the  Whirl 
Away  were  not  recorded  because  the  rotating  blades  quickly  and  effec¬ 
tively  cleaned  concrete  piling  to  the  base  material. 

The  average  preliminary  cleaning  rates  on  steel  piling  were  all 
faster  than  the  2.50  ftz/min  criterion.  The  maximum  preliminary  clean¬ 
ing  rate,  achieved  with  the  0.025-inch  fan  jet  nozzle,  was  3.66  ft2/min. 
The  average  final  cleaning  rates  on  steel  piling  were  less  than  the 
1.20  ft2/min  criterion.  The  maximum  final  cleaning  rate,  achieved  with 
the  0.031-inch  fan  jet  nozzle,  was  1.04  ft2/min,  which  is  13%  less  than 
the  established  criterion.  Since  the  final  cleaning  rates  on  steel 
structures  were  lower  than  desired,  several  modifications  were  planned 
for  the  prototype  cleaning  system.  The  modifications  that  were  made  in 
late  1982  and  early  1983  are  discussed  in  detail  in  the  PROTOTYPE  MODI¬ 
FICATIONS  section. 

UCT-2  Field  Tests 

In  March  1982,  the  Officer  in  Charge  of  UCT-2  requested  that  the 
NCEL  prototype  cleaning  system  be  made  available  for  operational  tests 
during  the  summer  of  1982.  UCT-2  had  been  tasked  to  repair  a  bridge  in 
Subic  Bay,  RP.  The  bridge  repair  required  that  the  steel  piles  be  thor¬ 
oughly  cleaned. 


Table  7.  Spring  1982  Cleaning  Test  Results 
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Test 


Nozzle 

Pressure 

(psi) 

Operator 

Prel iminary 
Rate 

(ft2/min) 

Final 

Rate 

(ft2/min) 


Steel  H-Piling 


0.025-in.  fan  jet 

8,000 

Diver  1 

3.47 

■B 

10,000 

Diver  1 

1.21 

MS 

12,000 

Diver  2 

6.31 

mm 

0.031-in.  fan  jet 

8,000 

Diver  1 

1.95 

■US 

10,000 

Diver  1 

1.75 

0.95 

10,000 

Diver  1 

3.73 

0.98 

12,000 

Diver  1 

3.29 

1.35 

8 

0.039-in.  fan  jet 

8,000 

Diver  3 

1.11 

0.74 

9 

8,000 

Diver  3 

2.55 

0.73 

10 

10,000 

Diver  3 

2.85 

1.13 

11 

12,000 

Diver  4 

3.73 

0.49 

12 

0.031-in.  straight  jet 

8,000 

Diver  4 

3.29 

0.57 

13 

10,000 

Diver  1 

1.91 

0.70 

14 

12,000 

Diver  1 

2.86 

1.20 

Concrete  Piling 

0.031-in.  fan  jet 

8,000 

Diver  5 

0.77 

mm 

HI 

10,000 

Diver  5 

1.64 

wmm 

17 

12,000 

Diver  5 

2.31 

0.54 

0.039-in.  fan  jet 

8,000 

Diver  6 

0.89 

0.42 

10,000 

Diver  6 

1.95 

0.30 

12,000 

Diver  7 

0.76 

0.27 
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0.031-in.  straight  jet 

10,000 

Diver  8 

0.79 

0.31 

22 

12,000 

Diver  8 

0.95 

0.36 

Table  8. 


Spring  1982  Cleaning  Test  Results  Summary 


Nozzle 

Cleaning  Rates  (ft2/min)  on-- 

- 

Steel 

Concrete 

Prel iminary 

Final 

Prel iminary 

Final 

0.025-in.  fan  jet 

3.66 

1 

— 

mu 

0.031-in.  fan  jet 

2.68 

1.57 

0.039-in.  fan  jet 

2.56 

0.77 

1.20 

■lllilj 

0.031-in.  straight  jet 

2.69 

0.83 

0.87 

0.34 

NCEL  delivered  the  prototype  cleaning  system  to  UCT-2  and  provided 
a  technical  expert  to  instruct  UCT-2  personnel  in  the  proper  operation 
and  maintenance  of  the  cleaning  system.  The  Navy  Experimental  Diving 
Unit  (NEDU)  developed  a  test  plan  that  contained  a  Data  and  Critique 
Sheet  and  an  Individual's  Questionnaire  to  be  filled  out  by  UCT-2  per¬ 
sonnel  onsite. 

When  the  cleaning  system  arrived  in  Subic  Bay,  RP,  the  repair  work 
on  the  steel  H-piles  had  been  completed  by  UCT-2  ahead  of  schedule. 
The  NCEL  technical  representative  developed  a  test  scenario  with  UCT-2 
that  entailed  cleaning  concrete  piling  in  the  Subic  Bay  vicinity. 
Although  it  was  already  known  that  the  NCEL  cleaning  system  was  less 
suited  for  cleaning  concrete  piling,  it  was  felt  that  the  evaluation 
would  still  provide  valuable  data  on  operational  and  handling  charac¬ 
teristics. 

In  general,  the  diver  comments  obtained  from  the  field  evaluation 
confirmed  the  results  from  the  Port  Hueneme  Harbor  field  tests.  The 
diver-operators  felt  that  the  Whirl  Away  hydraulic  tool  was  superior  to 
the  prototype  waterbl aster  in  cleaning  capability.  However,  one  diver 
commented  that  the  Whirl  Away  was  suited  only  for  flat  surfaces  and 
could  not  clean  in  corners  or  other  limited  access  areas.  When  com¬ 
paring  the  NCEL  prototype  to  a  commercial  high-pressure  waterblaster 
that  they  had  used  earlier  in  their  task,  the  consensus  was  that  the 
NCEL  prototype  was  the  better  tool.  The  operators  felt  that  the 
waterjet  pistol  was  preferable  to  the  larger  commercial  retrojet  gun 
because  of  its  maneuverability,  light  weight,  and  easier  trigger  pull. 
Also,  the  divers  commented  on  the  ease  of  handling  the  high-pressure 
supply  hose  of  the  prototype  in  comparison  to  other  hoses  they  had  ex¬ 
perience  using. 

Suggestions  for  improving  the  ease  of  operation  of  the  prototype 
system  included  developing  a  shoulder  stock  or  vertical  grip  to  help 
support  the  tool  while  operating  it  underwater  and  improving  the  trigger 
safety  locking  mechanism.  A  summary  of  the  questionnaires  and  critique 
sheets  is  shown  in  Figure  9.  The  completed  questionnaires  and  critique 
sheets  are  included  in  Appendix  B. 


PROTOTYPE  MODIFICATIONS 

The  following  is  a  list  of  comments  or  recommendations  that  were 
compiled  during  the  testing  at  NCSC,  Panama  City,  Fla.;  at  Port  Hueneme 
Harbor,  Calif.;  and  at  Subic  Bay,  RP. 

1.  The  clearance  under  the  trigger  lever  is  too  small  and  could  pinch 
the  diver's  glove  and  prevent  the  valve  from  closing.  Since  the  hand 
force  reouired  to  actuate  the  valve  is  so  small,  it  could  be  resolved  by 
shortening  the  lever. 

2.  The  trigger  guard  should  be  stronger.  It  is  too  pliable  and  could 
bend  if  hit  against  something.  This  could  jam  the  trigger  lever  in  the 
ON  position  if  the  guard  is  deformed  during  operation. 
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sheet  summary. 


3.  The  trigger  locking  mechanism  can  jam  in  either  the  ON  or  OFF  posi¬ 
tion.  This  needs  to  be  reworked. 

4.  The  trigger  locking  mechanism  should  be  redesigned  so  that  it  is 
double-sided  for  right-  and  left-handed  operation  and  also  spring  loaded 
so  whenever  the  trigger  lever  is  released  the  lock  automatically  en¬ 
gages. 

5.  A  quick  disconnect  shoulder  stock  would  improve  the  ease  of  use  by 
helping  the  diver  support  the  reaction  force. 

6.  The  foot  valve  needs  a  plate  in  the  end  of  it  to  prevent  the  opera¬ 
tor's  foot  from  getting  caught  inside. 

7.  Swivels  at  each  high-pressure  hose  connection  would  prevent  problems 
with  kinks  in  the  line  and  improve  handling. 

8.  A  blow-out  disk  on  the  waterjet  tool  would  increase  safety  by  pre¬ 
venting  overpressurization  if  the  power  source  malfunctions. 

9.  A  valve  should  be  installed  on  the  power  source  to  relieve  the  pres¬ 
sure  in  the  hoses  when  the  trigger  valve  is  OFF. 

10.  Guides  or  tubing  across  the  bottom  of  the  power  source  skid  would 
improve  transportation  with  a  forklift. 

11.  The  power  source  should  be  modified  to  power  hydraulic  tools. 

12.  The  power  source  should  be  modified  to  operate  on  seawater  rather 
than  just  freshwater. 

Based  upon  the  results  of  all  the  tests  conducted  in  1981  and  1982, 
several  modifications  were  designed  for  the  prototype  cleaning  system. 
All  12  of  the  above  recommendations  for  modifications  were  incorporated 
in  late  1982  and  early  1983.  The  trigger  lever  was  shortened  by  1  inch 
and  the  trigger  guard  was  replaced  with  a  stronger  material.  Reversing 
the  bolts  on  the  inside  of  the  foot  valve  resolved  the  problem  of  snag¬ 
ging  the  operator's  foot.  A  temporary  shoulder  stock  was  built  to  test 
the  idea  of  providing  a  support  to  help  the  diver  brace  against  the 
reaction  force. 

A  new  trigger  locking  mechanism  was  designed  that  allowed  right-  or 
left-handed  operation.  To  actuate  the  trigger  valve  in  the  new  design, 
the  operator  must  initially  push  the  safety  catch  forward.  The  mecha¬ 
nism  automatically  locks  in  the  OFF  position  whenever  the  trigger  lever 
is  released.  The  automatic  safety  catch  was  designed  so  a  diver  could 
release  it  and  operate  the  tool  in  a  one-handed  operation  while  wearing 
wetsuit  gloves. 

High-pressure  quick  disconnects  for  the  hose  connections  and  a 
high-pressure  swivel  for  the  hose  connection  to  the  waterjet  pistol  were 
installed.  Also,  based  on  Reference  6,  new  high-pressure  supply  hose 
was  purchased.  The  hose,  Synflex  3V10  with  Surlin  jacketing,  was  rated 
the  best  among  nine  different  types  of  hoses  based  upon  flexibility. 


abrasion  resistance,  corrosion  resistance,  tension  effects  under  pres¬ 
sure,  burst  pressure  and  failure  modes,  and  hose  pulsation  effects 
(Ref  6). 

A  modification  to  the  valve  body  was  designed  so  that  a  blow-out 
or  rupture  disk  could  be  installed.  The  rupture  disk  is  located  adja¬ 
cent  to  the  pilot-operated  trigger  valve  on  the  supply  hose  side.  Since 
the  power  source  is  capable  of  producing  up  to  12,000  psi,  a  15,000-psi 
rupture  disk  was  used  as  recommended  by  the  disk  manufacturer.  Continen¬ 
tal  Disk  Manufacturing  Co.,  Kansas  City,  Mo. 

An  ON/OFF  valve  was  installed  on  the  power  source  so  that  pressure 
could  be  bled  from  the  system  without  having  to  actuate  the  waterjet 
pistol  trigger  valve.  The  bleed  valve  is  located  on  the  front  of  the 
unit  near  the  pressure  gages. 

Tubing  was  welded  onto  the  power  source  skid  between  the  existing 
forklift  slots.  This  simplifies  moving  the  power  unit  and  also  acts  as 
a  guide  to  prevent  the  forklift  from  accidentally  puncturing  the  base  of 
the  system.  The  power  unit  was  also  modified  to  supply  oil  hydraulic 
tools.  Since  the  system  uses  a  pressure  intensifier  and  variable- 
displacement  hydraulic  pump,  the  modification  was  easily  accomplished  by 
tapping  into  the  high-pressure  side  of  the  Denison  hydraulic  pump.  The 
installed  auxiliary  hydraulic  circuit  provides  both  open  and  closed 
loop  capabilities.  The  auxiliary  hydraulic  circuit  is  shown  in 
Figure  10. 

For  applications  where  250  psi  cannot  be  tolerated  on  the  return  or 
tank  side  of  the  hydraulic  circuit,  a  maximum  of  7  gpm  is  available  for 
auxiliary  use.  The  oil  pressure  can  be  varied  from  0  to  3,000  psi.  In 
this  open  loop  circuit,  high  pressure  oil  is  taken  from  port  "B"  of  the 
Denison  hydraulic  pump  and  low-pressure  oil  is  returned  to  the  system 
ahead  of  the  heat  exchanger. 

For  applications  where  250  psi  in  the  tank  or  return  line  is  not  a 
problem,  the  full  20-gpm  pump  flow  can  be  used.  Here  again,  the  oil 
pressure  can  be  varied  from  0  to  3,000  psi.  In  this  closed  loop  cir¬ 
cuit,  high  pressure  oil  is  taken  from  port  "B"  of  the  Denison  hydraulic 
pump  and  supercharge  oil  (return)  is  put  back  into  port  "A." 

The  operator  can  select  the  high-pressure  waterjet  system  or  the 
auxiliary  hydraulics  system  by  setting  the  Manual  Selector  Valve  Lever 
located  under  the  front  control  panel  and  near  the  hydraulic  pump. 

The  prototype  cleaning  system  was  also  modified  to  operate  on  sea¬ 
water  as  well  as  freshwater.  This  modification  is  particularly  helpful 
at  remote  locations  or  wherever  a  freshwater  supply  is  not  readily 
available.  The  only  hardware  modifications  to  the  system  involved  re¬ 
placing  the  heat  exchanger  and  some  parts  in  the  pressure  intensifier  to 
protect  against  corrosion.  The  intensifier  parts  included  seals,  check 
valves,  inlet  casings,  and  piston  shafts.  In  addition  to  the  intensi¬ 
fier  modifications,  a  sump  pump  was  required  to  supply  seawater  to  the 
inlet  precharge  pump. 

At  the  recommendation  of  the  manufacturer,  Flow  Industries,  Inc., 
auxiliary  hydraulic  oil  cooling  was  added  to  the  power  unit.  The  modi¬ 
fication  entails  bleeding  approximately  1  gpm  of  hydraulic  oil  from  the 
supercharge  side  of  the  hydraulic  circuit.  This  hydraulic  oil  is  then 
routed  through  the  heat  exchanger  to  the  hydraulic  oil  reservoir. 
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(a)  Schematic 
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(b)  Photograph 

Figure  10.  Auxiliary  hydraulic  retrofit. 


31 


These  modifications  were  successfully  completed  by  the  end  of 
February  1983.  The  modified  prototype  cleaning  system  was  tested  in  the 
laboratory.  A  new  series  of  field  tests  was  scheduled  to  obtain  updated 
performance  data  on  the  modified  system.  The  modified  prototype  clean¬ 
ing  system  is  shown  in  Figures  11,  12,  and  13. 


MODIFIED  PROTOTYPE  TEST  AND  EVALUATION 

In  April  1983  the  modified  prototype  cleaning  system  was  evaluated 
during  a  series  of  field  tests  in  Port  Hueneme  Harbor  and  near  Anacapa 
Island,  Calif.  The  tests  were  conducted  to  evaluate: 

•  The  cleaning  capability  and  operational  aspects  of  the  modified 
prototype. 

•  The  modification  to  operate  underwater  hydraulic  diver  tools. 

•  The  modification  to  operate  with  seawater  instead  of  freshwater. 

•  Sound  pressure  levels  produced  by  the  four  available  nozzles. 
Cleaning  Capability  And  Operational  Tests 

The  cleaning  capability  and  operational  evaluation  tests  were  con¬ 
ducted  on  steel  and  concrete  piling  in  Port  Hueneme  Harbor.  These  tests 
were  conducted  using  freshwater  pressurized  to  10,000  psi.  Four  nozzles 
were  used: 

•  the  0.031-inch  straight  jet 

•  the  0.025-inch  fan  jet 

•  the  0.031-inch  fan  jet 

•  the  0.039-inch  fan  jet 

The  evaluation  of  cleaning  capability  was  based  upon  the  water- 
blaster's  ability  to  remove  marine  fouling  and  corrosion  from  submerged 
concrete  and  steel  piling.  Two  cleaning  rates  were  recorded  as  be¬ 
fore:  a  preliminary  rate,  which  included  the  removal  of  loose  moderate 
to  heavy  fouling;  and  a  final  rate,  which  included  the  removal  of  all 
heavy  fouling.  The  same  cleaning  rate  criteria  from  the  previous  field 
testing  were  used  as  a  basis  for  evaluation.  The  criteria  included  pre¬ 
liminary  cleaning  rates  of  2.5  ft2/min  on  steel  and  1.6  ft2/min  on  con¬ 
crete,  and  final  cleaning  rates  of  1.2  ft2/min  on  steel  and  0.6  ft2/min 
on  concrete. 

The  operational  evaluation  was  based  upon  diver  feedback  recorded 
on  individual  questionnaire  forms  and  from  debriefings  after  underwater 
use.  Also,  feedback  from  topside  personnel,  including  the  power  source 
operator,  foot  valve  operator,  and  diving  supervisor,  was  recorded. 
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(a)  Goseup  of  intensifier  circuit 


(b)  From  view 


Figure  1 1.  Modified  prototype  power  source. 
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Figure  12.  Simplified  schematic  diagram  of  modified  prototype  power  source 
(from  Ref  8). 


(a)  Hose  over  the  shoulder 


(b)  Hose  under  the  arm 

Figure  13.  Modified  prototype  waterjet  pistol. 
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The  procedure  for  the  cleaning  and  operational  evaluation  tests 
was  the  same  as  in  the  previous  cleaning  system  evaluation  tests.  After 
a  topside  safety  and  operational  briefing,  two  divers  were  deployed  with 
the  cleaning  tool  and  underwater  video  equipment.  The  initial  surface 
condition  of  the  steel  or  concrete  piling  was  documented  on  video.  A 
portion  of  the  piling  was  then  measured  and  roped  off  for  cleaning. 
After  the  cleaning  was  completed,  the  final  surface  condition  was 
documented  and  the  operator's  comments  were  recorded.  Five  different 
Navy  divers  operated  the  cleaning  system  during  the  cleaning  capability 
and  operational  evaluation. 

The  first  set  of  cleaning  capability  tests  was  conducted  on  steel 
piling.  After  the  first  few  tests,  it  was  determined  that  a  preliminary 
cleaning  was  unnecessary  since  the  modified  waterblaster  produced  a 
"final-cleaning"  quality  on  the  first  pass  over  the  steel  surface. 
Therefore,  throughout  the  remainder  of  the  tests  only  one  cleaning  rate 
was  recorded.  This  rate  was  equivalent  to  a  final  cleaning  in  the  pre¬ 
vious  tests  for  all  of  the  steel  piling  cases. 

The  results  of  the  steel  cleaning  capability  tests  are  shown  in 
Figure  14  and  Table  9.  The  0.031-inch  straight  jet  nozzle  achieved  the 
highest  cleaning  rate  of  8.63  ft2/min  on  a  flat  surface  that  was  easily 
accessible.  All  of  the  average  cleaning  rates  were  greater  than  the 
evaluation  criteria  of  2.5  ft2/min,  except  for  the  0.025-inch  fan  jet 
nozzle,  which  had  a  2.41-ft2/min  average  rate.  The  major  factor  affect¬ 
ing  the  cleaning  rate  was  again  found  to  be  the  experience  and  operating 
technique  of  the  diver-operator.  The  nozzle  type,  the  fouling  amount, 
and  the  piling  configuration  were  also  found  to  affect  the  cleaning  rate 
to  a  lesser  ex-tent. 

The  results  of  the  concrete  waterblaster  tests  are  shown  in 
Figure  15  and  Table  9.  As  expected,  the  high-pressure  waterjet  was  not 
as  effective  on  concrete  structures  as  on  steel  structures.  Only  one 
cleaning  rate  was  recorded,  however,  because  the  waterblaster  could  not 
achieve  a  final-cleaning  quality  in  a  reasonable  amount  of  time.  The 
concrete  piling  in  Port  Hueneme  Harbor  tended  to  have  a  large  amount  of 
stubborn  shell  growth,  such  as  barnacles  and  tubeworms,  embedded  in  the 
surface.  The  divers  were  instructed  to  clean  as  much  of  the  heavy 
fouling  as  possible  without  spending  excessive  amounts  of  time  in  de¬ 
tailed  cleaning.  The  cleaning  rates  for  concrete  were  then  based  upon  a 
final  surface  condition  with  approximately  80%  of  the  fouling  removed. 
This  cleaning  rate  falls  somewhere  between  the  earlier  definition  of 
preliminary  and  final  cleaning. 

The  0.031-inch  straight  jet  nozzle  was  the  only  nozzle  to  achieve 
an  average  cleaning  rate  on  concrete  greater  than  the  final  cleaning 
performance  criterion  of  0.60  ft2/min.  The  other  three  nozzles  did  not 
meet  the  established  performance  criteria.  It  is  recommended  that  the 
0.031-inch  straight  jet  nozzle  be  used  to  clean  concrete  underwater 
structures  in  remote  or  limited  access  areas  or  if  only  a  cursory  clean¬ 
ing  to  remove  light  to  moderate  fouling  is  required.  If  all  the  fouling 
must  be  removed  to  the  base  material  and  accessibility  is  not  a  problem, 
it  is  recommended  that  a  hydraulic  abrading  tool,  such  as  the  Whirl  Away 
by  R.C.  Collins  Co.,  be  used. 
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Figure  14.  Steel  cleaning  capability  tests. 


Diver  feedback  during  the  high-pressure  cleaning  tests  was  favor¬ 
able.  Some  of  the  divers  who  operated  the  tool  had  used  the  original 
unmodified  prototype  the  year  before  and  felt  that  the  system  had 
greatly  improved  in  safety,  ease  of  handling,  and  cleaning  capability. 
The  divers  did  recommend  that  a  sturdier  shoulder  stock  be  developed 
since  the  temporary  one  used  during  the  tests  definitely  improved  the 
ease  of  use.  Some  of  the  diver-operators  had  used  other  commercially 
available  waterblasters  and  felt  that  the  prototype  was  operational ly 
superior.  The  responses  from  the  completed  diver  questionnaires  can  be 
found  in  Appendix  B. 

Auxiliary  Hydraulic  Tests 

To  evaluate  the  performance  of  the  auxiliary  hydraulics  modifica¬ 
tion,  the  Whirl  Away  rotary  abrading  tool  was  used  to  clean  concrete 
piling  in  Port  Hueneme  Harbor.  The  Whirl  Away  was  attached  to  a  Stanley 
hydraulic  grinder.  The  same  cleaning  rate  criteria  and  test  procedures 
were  used  as  during  the  prototype  waterblaster  tests.  Only  a  final 
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cleaning  rate  was  recorded,  since  the  Whirl  Away  quickly  and  effectively 
cleaned  the  concrete  piling  to  the  base  material.  All  of  the  cleaning 
rates  from  the  nine  tests  that  were  conducted  greatly  exceeded  the  final 
cleaning  rate  criterion  of  0.60  ft2/min.  An  average  final  cleaning  rate 
of  6.52  ft2/min  was  achieved,  with  a  high  of  11.37  ft2/min  and  a  low  of 
4.03  ft2/min.  The  results  are  shown  in  Figure  16  and  Table  9. 

Table  9.  Spring  1983  Cleaning  Test  Results 


Nozzle/Tool 

Pressure 

(psi) 

Operator 

Cleaning 

Rate 

(ft2/min) 

Steel 

H-Piling 

0.025-in.  fan  jet 

Diver  1 

2.41 

0.031-in.  fan  jet 

1WT!K*fP®i 

Diver  1 

2.78 

2.48 

2.48 

5.34 

0.039-in.  fan  jet 

10,000 

Diver  1 

6.10 

Diver  2 

1.05 

Diver  2 

1.11 

Diver  2 

2.73 

Diver  3 

1.03 

Diver  3 

1.60 

0.031-in.  straight  jet 

10,000 

Diver  1 

8.63 

8.17 

Concrete  Piling 


0.031-in.  fan  jet 

12,000 

Diver  4 

0.25 

10,000 

Diver  4 

0.19 

0.039-in.  fan  jet 

10,000 

Diver  2 

0.15 

0.031-in.  straight  jet 

10,000 

Diver  2 

2.36 

0.14 

0.24 

0.29 

Whirl  Away 

Diver  5 

4.69 

4.03 

4.98 

7.96 

4.98 

Diver  6 

5.32 

10.00 

5.32 

11.37 
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Figure  15.  Concrete  cleaning  capability  tests. 
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Operationally,  the  divers  felt  that  the  hydraulic  tool  was  heavy; 
therefore,  a  float  was  attached  to  the  hydraulic  supply  line  to  improve 
the  ease  of  use.  Also,  one  diver  suggested  that  a  shroud  or  shield 
should  be  added  to  the  Whirl  Away  to  protect  the  diver  from  the  exposed 
rotating  blades. 

The  Whirl  Away  is  not  as  effective  as  the  prototype  waterbl aster  on 
steel  underwater  structures  because  on  steel  surfaces  the  waterblaster 
tends  to  get  under  the  fouling  and  lift  off  large  pieces  of  growth  and 
corrosion.  On  concrete  surfaces,  if  the  fouling  consists  of  barnacles, 
tubeworms,  or  other  calcareous  growth,  the  waterblaster  is  less  effec¬ 
tive  than  the  Whirl  Away,  which  breaks  up  the  shell  growth  and  leaves  a 
smooth  and  clean  surface.  Table  10  is  a  summary  of  the  waterblaster  and 
Whirl  Away  cleaning  tests. 
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Cleaning  rate:  NCEL  waterjet  versus  Whirl  Away 
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Figure  16.  Whirl  Away  cleaning  tests. 
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Table  10.  Spring  1983  Cleaning  Test  Results  Summary 


Tool 

Steel  Cleaning  Rate 
(ft2/min) 

Concrete  Cleaning  Rate 
(ft2/min) 

0.025-in.  fan  jet 

2.41 

a 

0.031-in.  fan  jet 

3.27 

0.22 

0.039-in.  fan  jet 

2.52 

0.25 

0.031-in.  straight  jet 

8.40 

0.76 

Whirl  Away  Hydraulic  Tool 

b 

6.52 

aThis  0.025-in.  fan  jet  nozzle  could  not  achieve  an  acceptably  clean 
final  surface  condition  in  a  reasonable  amount  of  time. 

^Cleaning  tests  conducted  in  1980  showed  that  the  Whirl  Away  achieved 
an  average  cleaning  rate  of  2.45  ft2/min  on  steel  piles. 


Seawater  Cleaning  Tests 


The  ability  of  the  cleaning  system  to  operate  on  seawater  was  eval¬ 
uated  during  the  high-pressure  waterjet  cleaning  tests.  A  sump  pump  was 
used  to  draw  seawater  directly  from  the  ocean.  The  seawater  was  fil¬ 
tered,  pressurized,  and  then  used  to  clean  concrete  and  steel  pilings  in 
Port  Hueneme  Harbor.  The  cleaning  system  was  also  operated  on  seawater 
during  the  sound  pressure  level  tests  at  Anacapa  Island  and  in  Port 
Hueneme  Harbor. 

The  cleaning  system  operated  well  on  seawater.  No  operational 
problems  were  encountered.  Using  seawater  directly  from  the  ocean 
greatly  simplifies  the  operation  by  reducing  the  setup  and  cleanup  time 
required  to  run  lines  to  a  freshwater  supply.  It  also  allows  diving 
operations  to  be  conducted  from  a  vessel  and  in  remote  areas  where 
freshwater  is  not  readily  available.  However,  after  using  seawater  in 
the  power  source  the  system  should  be  flushed  thoroughly  with  freshwater 
to  retard  corrosion  and  increase  the  life  of  the  hardware. 

Sound  Pressure  Level  Tests 


Waterjet.  Since  the  sound  pressure  level  test  data  had  been  anal¬ 
yzed  using  the  initial  NEDU  criteria,  the  time  limit  results  reported 
for  the  prototype  cleaning  system  were  invalidated.  Also,  sound  level 
measurements  were  made  only  on  the  largest  nozzles,  the  0.039-inch  fan 
jet  and  0.031-inch  straight  jet.  Tests  were  not  conducted  on  the 
smaller  nozzles,  since  the  two  nozzles  had  the  highest  sound  levels  and 
resulted  in  no  exposure  time  limits  with  a  wetsuit  hood  (Ref  4).  Once 


the  new  interim  guidance  was  established,  it  became  apparent  that  a  time 
limit  should  be  imposed  on  the  larger  nozzles  since  the  correction  for 
attenuation  of  noise  by  a  wetsuit  hood  was  no  longer  allowed. 

In  light  of  the  new  procedure  for  determining  permissible  exposure 
times,  another  series  of  sound  pressure  level  measurement  tests  was 
planned.  These  tests  were  conducted  by  NCEL,  after  consulting  with  NCSC 
technical  representatives,  in  a  relatively  quiet  acoustic  environment 
near  Anacapa  Island  in  April  1983.  The  sound  pressure  level  produced  by 
the  cavitating  waterjet  pistol  was  measured  at  the  diver's  ear  and 
6  feet  horizontally  from  the  tool.  Each  of  the  measurements  was  made 
with  one  diver  operating  the  tool  and  another  diver  holding  a  hydrophone 
at  the  proper  location.  Measurements  were  made  while  the  tool  was  di¬ 
rected  against  a  steel  plate  and  while  directed  into  open  water.  These 
four  tests  were  conducted  for  each  of  the  four  available  nozzles. 

In  addition  to  the  tests  made  at  Anacapa  Island,  sound  level  mea¬ 
surements  were  taken  in  Port  Hueneme  Harbor,  Calif.  These  tests  were 
made  using  the  largest  nozzle  (0.039-inch  fan  jet)  against  concrete  and 
steel  pilings.  The  harbor  tests  were  conducted  to  obtain  sound  levels 
from  a  realistic  work  environment.  Table  11  lists  all  the  sound  level 
tests  that  have  been  conducted. 


Table  11.  NCEL  Cleaning  System  Exposure  Time  Limits 


Test 

Distance 

From 

Diver's 

Ear 

(ft) 

Direction  of  Tool 

Time 

Limit 

(hr:min) 

0.031-in. 

Straight  Jet  Nozzle 

NCEL-l3 

0 

against  plate 

5:46 

NCEL-2. 

against  plate 

1:23 

NCSC-1d 

against  plate 

1:00 

NCSC-33 

against  plate 

5:59 

NCEL-4 

free  stream 

1:31 

NCEL-5 

free  stream 

3:23 

NCEL-3 

6 

against  plate 

1:00 

NCSC-5 

against  plate 

1:12 

NCEL-6 

free  stream 

4:11 

NCEL-7 

free  stream 

1:52 

NCSC-35 

free  stream 

1:57 

0.025-in.  Fan  Jet  Nozzle 

NCEL-8 

0 

against  plate 

8:00 

NCEL-9 

against  plate 

13:30 

NCEL- 12 

free  stream 

3:23 

NCEL-13 

free  stream 

7:28 

continued 


Table  11.  Continued 


Test 

Distance 

From 

Diver's 

Ear 

(ft) 

Direction  of  Tool 

Time 

Limit 

(hr:min) 

0.025-in.  Fan  Jet  Nozzle  (continued) 

NCEL-10 

6 

against  plate 

4:34 

NCEL-11 

against  plate 

6:57 

NCEL-11 

against  plate 

5:16 

NCEL-14 

free  stream 

2:41 

0.031-in.  Fan  Jet  Nozzle 

NCEL-19 

0 

against  plate 

1:58 

NCEL-21 

free  stream 

5:16 

NCEL-20 

6 

against  plate 

1:34 

NCEL-22 

free  stream 

1:37 

NCEL-22 

free  stream 

1:18 

0.039-in.  Fan  Jet  Nozzle 

NCEL-15 

0 

against  plate 

8:56 

NCEL-19 

against  plate 

3:00 

NCEL-21 

free  stream 

6:16 

NCSC-24 

free  stream 

2:04 

H5C 

on  concrete  piling 

2:13 

H5 

on  concrete  piling 

4:06 

H7 

on  steel  H-piling 

0:13 

NCEL-16 

6 

against  plate 

3:20 

NCSC-20 

against  plate 

7:43 

NCEL-18 

free  stream 

3:04 

NCSC-26 

free  stream 

2:02 

H6 

6 

on  concrete  piling 

0:33 

H8 

on  steel  H-piling 

1:18 

H8 

on  steel  H-piling 

1:06 

Whirl  Away 

HI 

0 

on  concrete  piling 

48:33 

H3 

on  steel  H-piling 

10:24 

H2 

6 

on  concrete  piling 

16:00 

H4 

on  steel  H-piling 

19:24 

aThese  tests  were  conducted  at  Anacapa  Island,  Calif. 
^These  tests  were  conducted  at  Panama  City,  Fla. 
cThese  tests  were  conducted  at  Port  Hueneme  Harbor,  Calif. 
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The  measurement  instrumentation  included  a  Bruel  and  Kjaer 
Model  8101  hydrophone  (sensitivity:  -184  decibels  reference  1  V/y Pa; 
frequency  range:  >1  Hertz  to  80  kHz)  to  measure  underwater  noise  and  a 
Honeywell  Model  101  magnetic  tape  recorder  to  record  the  sound  levels. 
The  data  analysis  was  performed  by  NCSC  to  obtain  the  octave  band  levels 
of  the  recorded  noise  spectrums  from  125  to  8,000  Hertz.  An  example 
that  applies  BUMED's  interim  guidance  on  the  resulting  octave  band 
levels  can  be  found  in  Appendix  A. 

The  resulting  exposure  time  limits  based  upon  the  sound  pressure 
level  tests  conducted  in  April  1983  are  as  follows: 

Time  Limit 


Nozzle  (hr:min 
0.025-in.  fan  jet  6:27 
0.031-in.  fan  jet  2:20 
0.039-in.  fan  jet  3:16 
0.031-in.  straight  jet  2:39 


These  exposure  time  limits  are  based  upon  an  8-hour  day.  The  diver 
should  use  the  smallest  and  quietest  nozzle  that  can  effectively  clean 
the  underwater  structure  for  maximum  diver  safety  and  cleaning  effi¬ 
ciency. 

Whirl  Away.  During  the  harbor  field  evaluation  of  the  prototype 
cleaning  system,  the  divers  commented  that  the  Whirl  Away  hydraulic  tool 
seemed  excessively  loud  underwater.  Therefore,  after  completing  the 
sound  pressure  level  tests  on  the  high-pressure  waterjet,  a  series  of 
tests  was  conducted  to  evaluate  the  noise  level  produced  by  the  Whirl 
Away  hydraulic  device. 

The  Whirl  Away  sound  pressure  level  tests  were  conducted  in  Port 
Hueneme  Harbor  using  the  same  instrumentation  as  during  the  waterjet 
noise  measurements.  The  noise  level  measurements  were  made  at  the 
diver's  ear  and  6  feet  away  from  the  tool  while  cleaning  both  concrete 
and  steel  piling. 

The  sound  level  recordings  were  analyzed  using  the  interim  guidance 
provided  by  the  Bureau  of  Medicine  and  Surgery  as  described  in  the  Sound 
Pressure  Level  Tests  section  earlier.  The  allowable  exposure  times  for 
divers  operating  the  Whirl  Away  are  all  above  8  hours  (Table  11).  Since 
the  time  limit  calculation  is  based  on  an  8-hour  day,  there  is  no  opera¬ 
tional  time  limit  for  the  Whirl  Away  tool. 


INTEGRATED  LOGISTICS  SUPPORT 

Integrated  logistics  support  (ILS)  is  a  management  function  that 
assures  that  a  system  can  be  economically  supported  when  placed  in  its 
operational  environment.  ILS  involves  maintainability,  reliability, 
spares  provisioning,  human  factors,  personnel  and  training,  and  tech¬ 
nical  documentation. 


Maintainability  And  Reliabilit 


A  measurement  of  maintainability  is  the  Mean  Time  to  Repair  (MTTR), 
which  is  the  arithmetic  mean  of  the  individual  repair  times.  That  is, 
MTTR  is  the  summation  of  individual  repair  times  during  a  given  period 
of  time  divided  by  the  total  number  of  repairs  during  that  time  interval 
(Ref  7).  During  the  test  and  evaluation  of  the  prototype  cleaning  sys¬ 
tem,  a  record  was  kept  of  all  the  malfunctions  and  required  repairs. 
Also,  the  development  contractor.  Flow  Industries,  Inc.,  was  asked  to 
provide  maintainability  data  based  upon  similar  power  units  they  manu¬ 
facture.  Based  upon  these  sources  of  information,  the  MTTR  calculated 
for  the  prototype  waterjet  cleaning  system  was  0.33  hour  or  approxi¬ 
mately  20  minutes. 

Also,  as  part  of  the  contract  development  of  the  prototype  system, 
the  manufacturer  was  asked  to  supply  a  recommended  maintenance  schedule. 
Detailed  maintenance  and  repair  instructions  are  provided  in  a  Technical 
Manual  (Ref  8).  Reference  8  includes  information  on  functional  descrip¬ 
tion,  system  operation,  and  maintenance  and  service.  Routine  mainte¬ 
nance,  corrective  maintenance,  and  shop  maintenance  and  repair  are 
described  in  detail. 

A  measurement  of  reliability  is  the  Mean  Time  Between  Failures 
(MTBF).  The  MTBF  is  the  average  length  of  time  that  the  system  will 
function  normally  under  typical  operating  conditions.  It  is  the  inverse 
of  the  failure  rate,  where  the  failure  rate  is  the  number  of  failures  of 
the  system  per  hour  of  operation.  The  MTBF  does  not  take  into  consider¬ 
ation  factors  such  as  preventative  maintenance,  human  error,  or  quality 
of  workmanship.  Rather  the  MTBF  is  is  based  upon  the  anticipated  fail¬ 
ures  due  solely  to  the  inherent  characteristics  of  the  system  design 
(Ref  7).  The  MTBF  for  the  prototype  cleaning  system  was  based  upon  the 
failure  rate  during  the  2  years  of  test,  evaluation,  and  modification  at 
NCEL  after  delivery  of  the  system.  The  MTBF  for  the  prototype  was 
determined  to  be  19  hours.  This  value  should  significantly  increase 
with  future  cleaning  systems  since  this  is  based  on  a  prototype  system. 

From  the  MTBF  and  the  MTTR,  the  inherent  availability  of  the  system 
can  be  determined.  The  inherent  availability  is  defined  as: 

The  probability  that  a  system  or  equipment,  when  used  under 
stated  conditions,  without  consideration  for  any  scheduled  or 
preventative  action,  in  an  ideal  support  environment  (i.e., 
available  tools,  spares,  manpower,  data,  etc.)  shall  operate 
satisfactorily  at  a  given  point  in  time.  It  excludes  ready 
time,  preventative-maintenance  downtime,  logistics  time,  and 
waiting  or  administrative  downtime.  (Ref  7) 

The  inherent  availability  is  expressed  as  the  following, 

A  =  MTBF/ (MTBF  +  MTTR) 

The  calculated  inherent  availability  of  the  prototype  cleaning  system 
is  0.9829.  This  value  will  increase  with  future  systems  since  the  MTBF 
and  MTTR  are  based  upon  the  failure  rate  of  a  prototype  system. 
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Spares  Provisioning 


At  the  end  of  the  system  development  the  prototype  contractor 
listed  the  types  and  quantities  of  spare  parts  that  might  be  needed. 
Based  upon  the  field  evaluation  and  system  modifications,  the  spare 
parts  requirements  were  updated  and  a  spare  parts  list  was  developed. 
This  list  (see  Ref  8)  includes  items  such  as  filters,  switches,  and 
gages. 

Human  Factors 


Human  factors  have  been  considered  throughout  the  development  of 
the  prototype  cleaning  system.  Items  such  as  safety,  accessibility, 
ease  of  use,  packaging,  handling,  and  panel  displays  and  controls  were 
all  considered  in  the  design,  test,  and  modification  stages  of  the  pro¬ 
totype  system  development.  Items  such  as  the  blow-out  disk,  automatic 
trigger  locking  mechanism,  and  on/off  foot  valve  were  incorporated  into 
the  cleaning  system  to  improve  overall  safety.  Other  safety  items  in¬ 
clude  a  set  of  automatic  shutdown  switches  that  are  activated  if  an  ex¬ 
cessively  high  hydraulic  temperature,  low  inlet  water  pressure,  or  low 
oil  pressure  occurs.  Whenever  an  automatic  shutdown  occurs,  a  light 
located  on  the  front  control  panel  is  illuminated,  indicating  the  cause 
of  the  shutdown. 

To  improve  accessibility,  removable  panels  are  located  on  the  ex¬ 
terior  of  the  power  unit.  The  panels  can  be  completely  removed  to  allow 
easy  access  for  maintenance  and  repair  operations  on  any  of  the  modules 
in  the  power  source.  Since  the  system  is  packaged  in  modules  that  can 
be  removed  individually,  routine  maintenance  and  major  overhauls  are 
improved.  To  improve  handling  and  transporting  the  cleaning  system,  the 
modules  are  bolted  together  in  a  skid-mounted  frame  that  has  been  de¬ 
signed  for  overhead  crane  and  forklift  handling. 

Controls,  gages,  and  indicator  lights  are  all  located  on  one  side 
of  the  power  source.  Gages,  including  inlet  water  pressure,  hydraulic 
system  pressure,  and  intensifier  inlet  pressure,  are  located  on  a  con¬ 
trol  panel  with  the  water  pressure  adjustment  control  and  bleed  valve. 
On  the  face  of  the  nearby  electrical  panel  are  seven  gages,  six  warning 
lights,  and  a  row  of  switches.  The  seven  gages  indicate  engine  speed 
(tachometer),  system  voltage  (voltmeter)  and  current  (ammeter),  fuel 
level,  diesel  engine  head  temperature,  cumulative  hours  of  system  opera¬ 
tion,  and  diesel  engine  oil  pressure.  The  warning  lights  indicate  a 
broken  drive  belt  for  the  alternator,  high  head  temperature  on  the 
engine,  low  engine  oil  pressure,  high  hydraulic  oil  system  pressure,  low 
pump  servo  pressure,  and  low  inlet  water  pressure.  All  the  controls 
and  displays  are  easily  accessible  and  have  been  clearly  labelled. 

Personnel  And  Training 

Personnel  and  training  requirements  have  been  minimized  by  maxi¬ 
mizing  standardization  and  using  commercially  available  components  wher¬ 
ever  possible.  An  initial  orientation  to  the  operation,  maintenance, 
and  repair  of  the  cleaning  system  is  required  to  ensure  proper  usage  and 
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operator  safety.  Three  operators  are  required  to  use  the  system  as 
designed:  a  power  source  operator,  a  foot  valve  operator  (usually  the 
diving  supervisor  or  tender),  and  the  cleaning  tool  operator. 

Technical  Documentation 


Technical  data  on  the  prototype  cleaning  system  are  primarily 
available  from  two  sources:  this  Technical  Report  and  the  Technical 
Manual  (Ref  8),  which  includes  detailed  drawings,  operating  and  mainte¬ 
nance  instructions,  and  other  technical  reference  data.  Other  technical 
information  on  the  prototype  cleaning  system  can  be  found  in  Reference  2 
and  directly  from  the  manufacturers  of  the  various  commercially  avail¬ 
able  components  included  in  the  cleaning  system. 


SUMMARY  AND  CONCLUSIONS 

In  1979  a  series  of  tests  was  conducted  to  evaluate  commercially 
available  underwater  surface  cleaning  systems.  Based  upon  results  of 
those  tests,  a  prototype  underwater  cleaning  system  was  developed  by 
Flow  Industries,  Inc.  under  contract  to  NCEL.  The  prototype  system  in¬ 
corporated  the  best  features  identified  during  the  commercial  cleaning 
systems  evaluation.  The  NCEL  prototype  system  included  a  small,  hand¬ 
held  waterjet  pistol;  interchangeable  cavitating  fan  and  straight  jet 
nozzles;  a  pilot-operated  trigger  valve  with  automatic  safety  lock; 
flexible,  smal 1 -diameter,  high-pressure  supply  hoses;  a  foot-actuated 
shutoff  valve;  and  a  diesel -driven  power  source.  The  power  source 
delivers  up  to  5  gpm  at  12,000  psi  and  includes  a  double-acting  pressure 
intensifier  and  variable-displacement  hydraulic  pump. 

The  prototype  system  was  evaluated  during  a  series  of  laboratory 
and  field  tests  in  1982.  Based  upon  the  results  of  those  tests  and  on 
feedback  obtained  from  the  operators  and  test  personnel,  the  prototype 
was  modified  to  improve  safety,  ease  of  use,  and  overall  performance  in 
1983.  The  modifications  also  allowed  the  system  to  operate  on  either 
freshwater  or  seawater  and  to  power  hydraul ical ly  driven  tools.  During 
the  field  tests  on  the  prototype  cleaning  system,  it  was  determined  that 
the  high-pressure  waterblaster  was  best  suited  for  cleaning  steel  under¬ 
water  structures,  particularly  in  limited  access  areas.  On  concrete 
underwater  structures,  the  best  cleaning  device  was  found  to  be  the 
Whirl  Away  rotary  abrading  hydraulic  tool,  which  is  manufactured  by  R.C. 
Collins  Co.  Both  concrete  and  steel  underwater  structures  can  be  effec¬ 
tively  and  efficiently  cleaned  using  the  NCEL  system,  since  one  power 
source  can  drive  both  the  Whirl  Away  hydraulic  tool  and  the  NCEL  water- 
jet  pistol. 

During  1983,  after  the  final  performance  tests  were  completed  on 
the  modified  prototype,  documentation  was  submitted  to  obtain  Authoriza¬ 
tion  for  Navy  Use.  A  Technical  Manual  (Ref  8)  containing  detailed  oper¬ 
ation  and  maintenance  instructions  was  written  along  with  a  set  of 
procurement  specifications  for  procuring  production  cleaning  systems 
based  upon  the  final  modified  prototype  developed  by  NCEL. 


47 


REFERENCES 


1.  C.A.  Keeney.  Underwater  surface  cleaning  of  waterfront  structures. 
Naval  Civil  Engineering  Laboratory,  Technical  Note  N-1604.  Port 
Hueneme,  Calif.,  Feb  1981. 

2.  M.J.  Kirby.  Underwater  surface  cleaning  system  final  report.  Naval 
Civil  Engineering  Laboratory,  Contract  Report.  Kent,  Wash.,  Flow  Tech¬ 
nology  Company,  Flow  Industries,  Inc.,  Sep  1981.  (Contract  No. 
N68305-81-C-0012) 

3.  D.B.  Wyman.  Procedures  for  noise  measurements  of  diver  tools.  Naval 
Coastal  Systems  Center,  SP  81-55-056.  Panama  City,  Fla.  (unpublished). 

4.  D.B.  Wyman.  Underwater  noise  produced  by  Flow  Industries  (NCEL) 
high  pressure  water  jet  tool.  Naval  Coastal  Systems  Center, 
SP  82-11-036.  Panama  City,  Fla.,  Dec  1981. 

5.  Occupational  noise  control  and  hearing  conservation,  Chief  of  Naval 
Operations,  OPNAVINST  6260.2.  Washington,  D.C.,  Sep  1979. 

6.  D.B.  Wyman.  Evaluation  of  hoses  and  quick  disconnect  fittings  for 
10,000  psi  water  jet  tools,  Naval  Coastal  Systems  Center,  SP  82-329-0S6. 
Panama  City,  Fla.,  May  1982. 

7.  B.S.  Blanchard  and  E.E.  Lowery.  Maintainability,  principles  and 
practices.  New  York,  N.Y.,  McGraw  Hill,  Inc.,  1969. 

8.  Technical  manual,  operation  and  maintenance  instructions,  high  pres¬ 
sure  underwater  cleaning  system.  Naval  Civil  Engineering  Laboratory, 
Contract  Report.  Oxnard,  Calif.,  Western  Instruments,  Aug  1983. 
(Contract  No.  N00123-82-D-0321 ,  prepared  by  J.J.  McMullen  &  Associates) 

9.  J.F.  Brandt  and  H.  Hoi  lien.  "Underwater  hearing  thresholds  in  man," 
Journal  Acoustic  Society  America,  vol  42,  1967,  pp  966-971. 

10.  Normal  equal -loudness  contours  for  pure  tones  and  normal  threshold 
of  hearing  under  free  field  listening  conditions,  International  Organi¬ 
zation  of  Standardization,  ISO  Standard  R  226,  Geneva,  Switzerland, 
1961. 


48 


Appendix  A 

SOUND  PRESSURE  LEVEL  CALCULATIONS 


INTERIM  GUIDANCE 

In  July  1982,  the  Bureau  of  Medicine  and  Surgery  (BUMED)  provided 
interim  guidance  for  determining  underwater  noise  levels  that  superceded 
the  existing  method  of  calculating  exposure  time  limits  for  underwater 
operators.  The  interim  guidance  is  in  effect  while  BUMED  completes  a 
study  and  develops  a  comprehensive  instruction  on  underwater  noise 
limits.  The  interim  guidance  is  as  follows: 

a.  Continue  to  use  standard  techniques  and  instrumentation  devel¬ 
oped  by  the  underwater  sound  community  and  to  thoroughly  docu¬ 
ment  each  test  and  evaluation  of  underwater  tools  and 
equipment. 

b.  Recompute  the  correction  factor  for  impedance  mismatch  deleting 
the  A-weighting  factor.  Perform  the  following  steps  for  each 
test: 

(1)  Obtain  octave  band  levels  of  noise  spectrum  from  125  to 
8,000  Hertz. 

(2)  Subtract  underwater  hearing  threshold  levels  at  each 
octave  frequency. 

(3)  Add  minimum  audible  field  values  for  threshold  in  air. 

(4)  Use  combined  octave  band  levels  to  compute  allowable  ex¬ 
posure  time. 

c.  Use  the  Department  of  Defense  criterion  of  84  decibels  for 
8-hour  exposure  periods  with  a  4-decibel  trading  relationship 
for  computing  allowable  exposure  time. 

d.  Add  equivalent  noise  dose  in  water  to  noise  dose  in  air  to 
obtain  total  daily  noise  dose  for  exposed  personnel. 

e.  Do  NOT  use  correction  factors  for  attenuation  of  noise  by  wet¬ 
suit  hood  or  the  ear  canal  filled  with  water. 


f.  For  noise  with  the  preponderance  of  energy  outside  the  fre¬ 
quency  range  of  125  to  8,000  Hertz  or  for  impulse  noise,  con¬ 
sult  with  the  Auditory  Research  Department,  Naval  Submarine 
Research  Laboratory,  New  London,  Conn. 

g.  Conduct  annual  monitoring  hearing  tests  on  exposed  personnel. 


SAMPLE  CALCULATION 

An  average  sound  pressure  level  spectrum  for  the  Naval  Civil  Engi¬ 
neering  Laboratory  (NCEL)  prototype  high-pressure  waterjet  tool 
(0.031-inch  straight  jet  nozzle)  is  shown  in  Figure  A-l.  A  worksheet 
used  to  calculate  the  permissible  exposure  time  limits  is  shown  in 
Figure  A-2.  Across  the  top  of  the  worksheet  are  center  frequencies  of 
the  octave  band  levels  (OBLs)  from  125  to  8,000  Hertz.  Vertically, 
along  the  left  side  of  the  worksheet,  are  numbered  steps  for  the  cal¬ 
culation  procedure. 


5  7  9  11  13  15  17  19  21  23  25  27  29  31  33  35  37  39  41  43  45  47  49 
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One-third  octave  band  center  frequency  (Ha) 

Figure  A-l.  Representative  sound  pressure  level  spectrum  for  the  0.031-inch  straight 
jet  nozzle  in  open  water  measured  at  the  diver’s  ear. 

In  Step  1  the  octave  band  levels  of  the  noise  spectrum  (Figure  A-l) 
are  computed  from  the  three  corresponding  one-third  octave  band  levels 
labeled  L^.  The  octave  band  level  is  obtained  from  the  equation: 


If  an  octave  band  analysis  of  the  noise  spectrum  is  used  instead  of  a 
one-third  octave  band  analysis,  Step  1  is  unnecessary  and  the  octave 
band  level  can  be  read  directly  from  the  spectrum  and  entered  as  LnRI  on 
the  worksheet.  UBL 


Nozzle: 


Test  Description: 


Center 

Frequency 

1 
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-  dB 
-u/w 


ref 


Frequency  (Hz) 


125 

250 

500 

1,000 

2,000 

4,000 

8,000 

correct  -70.0  -65.0  -58.0  -60.0  -66.0  -67.0  -74.0 

BSL 


L0BL  =  octave  band  level 
dBref  =  correction  to  be  in  dB  re  20  uPa 
u/w  correct  =  underwater  heating  threshold  correction 
BSL  =  band  sensation  level 
MAF  =  minimum  audible  field  thresholds  in  air 


=  octave  band  level  for  equivalent  air  exposure 
Lc  =  overall  or  combined  exposure  level 
T  =  permissible  exposure  time  in  hours 


Figure  A-2.  Sound  pressure  level  permissible 
exposure  time  worksheet. 


In  Step  2  the  OBLs  are  adjusted,  if  necessary,  to  be  in  decibels 
reference  20  pPa  (db  re  20  pPa).  The  adjustment,  called  decibels  refer¬ 
ence,  requires  subtracting  26  decibels  from  the  OBLs  in  db  ref  1  yPa. 

In  Step  3  underwater  hearing  threshold  levels  are  subtracted  from 
each  octave  band  level  (re  20  pPa).  These  threshold  levels  are  as  fol¬ 
lows  (Ref  9): 

•  70  decibels  for  125  Hertz 

•  65  decibels  for  250  Hertz 

•  58  decibels  for  500  Hertz 

t  60  decibels  for  1,000  Hertz 

•  66  decibels  for  2,000  Hertz 

•  67  decibels  for  4,000  Hertz 

•  74  decibels  for  8,000  Hertz 

The  result,  after  subtracting  the  underwater  threshold  from  the  octave 
band  level,  is  the  band  sensation  level  (BSL). 

In  Step  4  the  minimum  audible  field  (MAF)  threshold  levels  in  air 
are  added  to  the  BSLs  at  each  center  frequency.  The  in-air  MAF  thresh¬ 
old  levels  are  as  follows  (Ref  10): 

•  21  decibels  for  125  Hertz 

•  11  decibels  for  250  Hertz 

•  6  decibels  for  500  Hertz 

•  4  decibels  for  1,000  Hertz 

•  1  decibels  for  2,000  Hertz 

•  -3  decibels  for  4,000  Hertz 

•  10  decibels  for  8,000  Hertz 

The  result,  after  subtracting  the  MAF  threshold  levels  from  the  BSL, 
represents  the  octave  band  level  for  an  equivalent  exposure  in  air  (L-). 

In  Step  5  an  overall  or  combined  exposure  level,  Lc,  is  computed 
using  the  formula: 


where  the  L^  values  are  the  octave  band  levels  obtained  in  Step  4. 


In  Step  6  the  permissible  exposure  time  is  calculated  using  the 
formula: 

T  =  16/2^Lc'80)/4 

where  L  is  the  combined  or  overall  exposure  level  obtained  in  Step  5. 
The  permissible  exposure  time,  T,  is  expressed  in  hours.  Figure  A-3 
shows  the  sound  pressure  level  worksheet  filled  in  based  upon  the  noise 
spectrum  in  Figure  A-l. 


Run  #:  Anacapa  #5  Nozzle:  0.031-inch  straight  jet 


Test  Description:  in  open  water  (free  stream) 
measured  at  the  diver's  ear 
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Figure  A-3.  Completed  worksheet. 
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FIELD  TEST  QUESTIONNAIRE  RESPONSES 


This  appendix  presents  the  feedback  obtained  from  test  personnel 
during  the  field  tests  and  evaluation  of  the  NCEL  prototype  cleaning 
system.  Test  personnel  were  required  to  complete  a  questionnaire  after 
operating  the  prototype  tool.  The  questionnaire  was  used  to  obtain  in¬ 
formation  on  the  cleaning  capability,  safety,  and  ease  of  use  of  the 
NCEL  cleaning  system.  Information  on  diver  experience  and  descriptions 
of  the  type  of  structure  and  amount  of  fouling  cleaned  were  recorded. 
Also,  recommendations  to  improve  the  cleaning  ability,  safety,  or  han¬ 
dling  of  the  tool  were  documented.  A  typical  completed  questionnaire  is 
shown  in  Figure  B-l.  Tables  B-l  and  B-2  summarize  all  the  comments  re¬ 
corded  on  the  questionnaires  during  testing  by  the  Underwater  Construc¬ 
tion  Team  Two  (UCT-2 )  in  1982  and  by  NCEL  divers  in  1983,  respectively. 

Figure  B-2  shows  the  Daily  Data  and  Critique  Sheets  obtained  from 
the  UCT-2  field  evaluation  at  Subic  Bay,  RP,  in  August  1982.  The  cri¬ 
tique  sheets  were  used  to  record  any  maintenance  performed  or  repairs 
required  during  the  testing.  Also,  any  operational  or  safety  problems 
encountered  were  explained. 


Excellent  -  Cleaned  to  structure  base  surface  quickly 


Figure  B-l.  Completed  questionnaire. 


-heav\  (.*-  it*  3-in.t  covering  of  barnacles,  tubeworms ,  mussels,  slime,  coral,  and  scale. 


Pore  Hueneme  Harbor  Field  Test  Questionnaire  Summary  Sheet,  April  1983 


Piling  was  fouled  with  a  l ight -to-moderatc  (1-  to  .'-in. I  covering  of  barnacles,  tubeworms,  scale,  kelp,  and  slime. 
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ARMY  CORPS  OF  ENGINEERS  Fac  Engr  Supp  Agency,  Ft.  Belvoir.  VA:  MRD-Eng.  Div..  Omaha  NE: 

Seattle  Dist.  Library.  Seattle  WA 
ARMY  CRREL  A.  Kovacs,  Hanover  NH 
ARMY  DARCOM  Code  DRCMM-CS  Alexandria  VA 

ARMY  ENG  DIV  HNDED-CS.  Huntsville  AL;  HNDED-FD,  Huntsville.  AL 

ARMY  ENG  WATERWAYS  EXP  STA  Library.  Vicksburg  MS;  Coastal  Eng  Rsrch  Cntr.  Vicksburg.  MS 
ARMY  ENGR  DIST.  Library.  Portland  OR 

ARMY  ENVIRON.  HYGIENE  AGCY  HSE-EW  Water  Qual  Eng  Div  Aberdeen  Prov  Grnd  MD 
ARMY  MATERIALS  &  MECHANICS  RESEARCH  CENTER  Dr.  Lenoe.  Watertown  MA 
ARMY  MOBIL  EQUIP  R&D  COM  DRDME-GS  Fuel  Tech  Br.  Ft  Belvoir.  VA 
ARMY  MTMC  Trans  Engr  Agency  MTT-CE,  Newport  News.  VA 
ADMINSUPU  PWO,  BAHRIAN 

ASST  SECRETARY  OF  THE  NAVY  Spec.  Assist  Submarines.  Washington  DC 
BUREAU  OF  RECLAMATION  Code  1512  (C  Selander)  Denver  CO 
CINCPAC  Fac  Engrng  Div  (J44)  Makalapa,  HI 
CNM  MAT-0718.  Washington,  DC;  NMAT  -  044,  Washington  DC 

CNO  Code  NOP-964,  Washington  DC;  Code  OPNAV  09B24  (H);  Code  OPNAV  22,  Wash  DC;  Code  OPNAV 
23,  Wash  DC;  OP-098,  Washington,  DC;  OP-2^  (Capt  J.H.  Howland)  Washinton.  DC;  OP987J. 

Washington.  DC 

COMCBPAC  Operations  Off,  Makalapa  HI 
COMDEVGRUONE  CMDR  San  Diego.  CA 

COMFLEACT,  OKINAWA  PWD  -  Engr  Div.  Sasebo.  Japan:  PWO.  Kadena.  Okinawa:  PWO,  Sasebo,  Japan 
COMNAVSURFLANT  Norfolk.  VA 

COMOCEANSYSLANT  PW-FAC  MGMN  Off  Norfolk.  VA 
COMRNCF  Nicholson.  Tampa,  FL;  Nicholson.  Tampa.  FL 
COMSUBDEVGRUONE  Operations  Offr.  San  Diego.  CA 
NAVSURFPAC  Code  N-4,  Coronado 

DEFFUELSUPPCEN  DF3C-OWE  (Term  Engrng)  Alexandria,  VA;  DFSC-OWE.  Alexandria  VA 
DOE  Div  Ocean  Energy  Sys  Cons/Solar  Energy  Wash  DC 
DTIC  Defense  Technical  Info  Ctr/ Alexandria.  VA 

DTNSRDC  Anna  Lab,  Code  2724  (D  Bloomquist)  Annapolis.  MD;  Anna  Lab.  Code  4121  (R  A  Rivers) 
Annapolis.  MD 
GIDEP  OIC.  Corona,  CA 

GSA  Assist  Comm  Des  &  Cnst  (FAIA)  D  R  Dibner  Washington.  DC 
HCU  ONE  CO.  Bishops  Point.  HI 
KWAJALEIN  MISRAN  BMDSC-RKL-C 

LIBRARY  OF  CONGRESS  Washington,  DC  (Sciences  &  Tech  Div) 

MARINE  CORPS  BASE  M  &  R  Division.  Camp  Lejeune  NC;  Main!  Off  Camp  Pendleton.  CA:  PWD  -  Main!. 
Control  Div.  Camp  Butler.  Kawasaki.  Japan;  PWO  Camp  Lejeune  NC;  PWO.  Camp  Pendleton  CA;  PWO. 
Camp  S.  D.  Butler,  Kawasaki  Japan 
MARINE  CORPS  HOS  Code  LFF-2,  Washington  DC 

MCAS  Facil.  Engr.  Div.  Cherry  Point  NC;  CO.  Kaneohe  Bay  HI:  Code  S4.  Ouantico  VA;  Facs  Maim  Dept  - 
Operations  Div.  Cherry  Point;  PWD  -  Utilities  Div,  Iwakuni.  Japan:  PWD.  Dir.  Maim.  Control  Div.. 

Iwakuni  Japan:  PWO.  Iwakuni.  Japan;  PWO,  Yuma  AZ 
MCRD  SCE.  San  Diego  CA 
NAF  PWO,  Atsugi  Japan 
NALF  OINC.  San  Diego,  CA 

NARF  Code  100,  Cherry  Point.  NC:  Code  640,  Pensacola  FL;  Equipment  Engineering  Division  (Code  61000). 
Pensacola.  FL 

NAS  CO.  Guantanamo  Bay  Cuba;  Code  114.  Alameda  CA;  Code  183  (Fac.  Plan  BR  MGR);  Code  18700. 
Brunswick  ME;  Code  18U  (ENS  P.J.  Hickey).  Corpus  Christi  TX;  Code  8E,  Patuxent  Riv..  MD:  Dir  of 
Engrng.  PWD,  Corpus  Christi.  TX:  Dir.  Maint.  Control  Div..  Key  West  FL:  PW  (J.  Maguire).  Corpus 
Christi  TX;  PWD  -  Engr  Div.  Gtmo.  Cuba;  PWD  -  Engr  Div,  Oak  Harbor.  WA;  PWD  Maint.  Div..  New 
Orleans,  Belle  Chasse  LA:  PWD.  Code  I821H  (Pfankuch)  Miramar.  SD  CA:  PWD.  Maintenance  Control 
Dir..  Bermuda;  PWO  Belle  Chasse.  LA:  PWO  Key  West  FL;  PWO  Lakchurst.  NJ;  PWO.  Dallas  TX:  PWO. 


Glenview  IL;  PWO,,  Moffett  Field  CA;  SCE  Norfolk.  VA;  SCE.  Cubi  Point.  R.P;  Security  Offr.  Alameda 
CA 

NATL  RESEARCH  COUNCIL  Naval  Studies  Board.  Washington  DC 
NAVACT  PWO.  London  UK 
NAVACTDET  PWO.  Holy  Lock  UK 
NAVAEROSPREGMEDCEN  SCE.  Pensacola  FL 
NAVAIRDEVCEN  Code  813.  Warminster  PA 

NAVAIRTESTCEN  PATUXENT  RIVER  PWD  (F  McGrath).  Patuxent  Riv  .MD 

NAVAVIONICFAC  PW  Div  Indianapolis.  IN 

NAVCHAPGRU  Engineering  Officer,  Code  60  Williamsburg.  VA 

NAVCOASTSYSCEN  Code  423  Panama  City.  FL;  Code  715  (J  Quirk)  Panama  City.  FL;  Code  715  (J. 

Mittleman)  Panama  City,  FL;  Code  719.  Panama  City,  FL;  Library  Panama  City,  FL;  PWO  Panama  City.  FL 
NAVCOMMAREAMSTRSTA  PWO.  Norfolk  VA;  SCE  Unit  1  Naples  Italy;  SCE.  Wahiawa  HI 
NAVCOMMSTA  Code  401  Nea  Makri,  Greece;  PWD  -  Maim  Control  Div.  Diego  Garcia  Is.;  PWO,  Exmouth. 
Australia 

NAVCONSTRACEN  Curriculum/Instr.  Stds  Offr.  Gulfport  MS 
NAVEDTRAPRODEVCEN  Technical  Library.  Pensacola.  FL 
NAVEDUTRACEN  Engr  Dept  (Code  42)  Newport.  Rl 

NAVELEXSYSCOM  Code  PME  124-61.  Washington.  DC:  PME  124-612.  Wash  DC 
NAVEODTECHCEN  Code  605,  Indian  Head  MD 
NAVFAC  PWO,  Centerville  Bch.  Ferndale  CA 

NAVFACENGCOM  Alexandria.  VA;  Code  03  Alexandria.  VA;  Code  03T  (Essoglou)  Alexandria.  VA;  Code 
0453  (D.  Potter)  Alexandria.  VA;  Code  0453C.  Alexandria.  VA:  Code  0454B  Alexandria.  Va;  Code  04A1 
Alexandria.  VA:  Code  09M54.  Tech  Lib,  Alexandria.  VA;  Code  100  Alexandria.  VA;  Code  1113, 

Alexandria.  VA 

NAVFACENGCOM  -  CHES  DIV.  Code  101  Wash.  DC:  Code  405  Wash.  DC:  Code  FPO-IC  Washington  DC; 
Code  FPO-IE.  Wash.  DC;  Contracts,  ROICC,  Annapolis  MD:  FPO-I  Washington.  DC:  FPO-1EA5 
Washington  DC;  FPO-IP/IP3  Washington.  DC;  Library.  Washington.  D  C. 

NAVFACENGCOM  -  LANT  DIV.  Eur.  BR  Deputy  Dir.  Naples  Italy:  Library.  Norfolk.  VA:  Code  1112. 
Norfolk.  VA 

NAVFACENGCOM  -  NORTH  DIV.  (Boretsky)  Philadelphia.  PA;  CO;  Code  04  Philadelphia.  PA;  Code  04AL. 
Philadelphia  PA;  Code  09P  Philadelphia  PA;  Code  111  Philadelphia.  PA:  Code  405  Philadelphia.  PA; 

ROICC.  Contracts,  Crane  IN 

NAVFACENGCOM  -  PAC  DIV.  (Kyi)  Code  101.  Pearl  Harbor.  HI:  CODE  09P  PEARL  HARBOR  HI:  Code 
2011  Pearl  Harbor.  HI:  Code  402.  RDT&E,  Pearl  Harbor  HI;  Library.  Pearl  Harbor.  HI 
NAVFACENGCOM  -  SOUTH  DIV.  Code  1112.  Charleston.  SC;  Library.  Charleston.  SC 
NAVFACENGCOM  -  WEST  DIV.  102;  Code  04B  San  Bruno.  CA;  Library.  San  Bruno.  CA:  RDT&ELO  San 
Bruno.  CA 

NAVFACENGCOM  CONTRACTS  AROICC,  NAVSTA  Brooklyn.  NY:  Colts  Neck.  NJ:  Dir.  Eng.  Div  . 
Exmouth.  Australia:  Eng  Div  dir.  Southwest  Pac.  Manila.  PI;  OICC.  Southwest  Pac.  Manila.  PI: 
OICC-ROICC,  NAS  Oceana,  Virginia  Beach,  VA;  OICC'ROICC.  Balboa  Panama  Canal:  ROICC  Code  495 
Portsmouth  VA;  ROICC  Key  West  FL;  ROICC.  Diego  Garcia  Island:  ROICC.  Kcflavik.  Iceland:  ROICC. 
NAS.  Corpus  Christi.  TX;  ROICC.  Pacific.  San  Bruno  CA:  ROICC.  Point  Mugu.  CA;  ROICC.  Yap; 
ROICC-OICC-SPA.  Norfolk.  VA 
NAVMAG  PWD  -  Engr  Div.  Guam:  SCE.  Subic  Bay.  R.P. 

NAVOCEANO  Code  3432  (J.  DePalma).  Bay  St.  Louis  MS;  Library  Bay  St.  Louis.  MS 
NAVOCEANSYSCEN  Code  09  (Talkington).  San  Diego.  CA:  Code  4473  Bayside  Library.  San  Diego.  CA: 

Code  4473B  (Tech  Lib)  San  Diego,  CA;  Code  5204  (J.  Stachiw).  San  Diego.  CA:  Code  5214  (H.  Wheeler). 
San  Diego  CA;  Code  5221  (R.Joncs)  San  Diego  Ca;  Code  5322  (Bachman)  San  Diego.  CA:  Hawaii  Lab  (R 
Yumori)  Kailua.  HI;  Hi  Lab  Tech  Lib  Kailua  HI 
NAVPETOFF  Code  30.  Alexandria  VA 

NAVPGSCOL  C.  Morcrs  Monterey  CA:  E.  Thornton.  Monterey  CA 

NAVPHIBASE  CO.  ACB  2  Norfolk.  VA;  Harbor  Clearance  Unit  Two.  Little  Creek.  V'A:  SCE  Coronado. 
SD.CA 

NAVREGMEDCEN  PWD  -  Engr  Div.  Camp  Lcjcune.  NC:  PWO.  Camp  Lejcunc.  NC:  SCE;  SCE.  Camp 
Pendleton  CA;  SCE.  Guam;  SCE.  Newport.  Rl 
NAVSCOLCECOFF  C35  Port  Huenemc.  CA;  CO.  Code  C44A  Port  Huencme.  CA 
NAVSCSOL  PWO.  Athens  GA 

NAVSEASYSCOM  Code  OOC-D.  Washington.  DC:  Code  PMS  395  A  3.  Washington.  DC;  Code  PMS  395  A2. 
Washington.  DC:  Code  PMS  396.3311  (Rekas).  Wash..  DC:  Code  SEA  OOC  Washington.  DC;  PMS- 395 
Al.  Washington.  DC:  PMS395-A3.  Washington.  DC:  SEA05EI.  Washington.  D.C. 

NAVSECGRUACT  PWO.  Adak  AK 
NAVSHIPREPFAC  Library,  Guam;  SCE  Subic  Bay 

NAVSHIPYD  Bremerton.  WA  (Carr  Inlet  Acoustic  Range);  Code  134.  Pearl  Harbor.  HI;  Code  202.4.  Long 
Beach  CA;  Code  202.5  (Library)  Puget  Sound.  Bremerton  WA;  Code  280.  Mare  Is..  Vallejo.  CA:  Code 
280.28  (Goodwin).  Vallejo.  CA;  Code  380.  Portsmouth.  VA;  Code  400.  Puget  Sound:  Code  410.  Marc  Is.. 


Vallejo  CA;  Code  440  Portsmouth  NH;  Code  440,  Norfolk:  Code  440,  Puget  Sound.  Bremerton  WA:  L.D. 
Vivian;  Library.  Portsmouth  NH;  PWD  (Code  420)  Dir  Portsmouth.  VA;  PWD  (Code  450-HD)  Portsmouth. 
VA;  PWD  (Code  457-HD)  Shop  07,  Portsmouth.  VA;  PWD  (Code  460)  Portsmouth.  VA;  PWO,  Bremerton. 
WA;  PWO,  Mare  Is.;  PWO.  Puget  Sound;  SCE.  Pearl  Harbor  HI;  Tech  Library.  Vallejo.  CA 
NAVSTA  CO  Roosevelt  Roads  P.R.  Puerto  Rico;  Dir  Engr  Div.  PWD.  Mayport  FL:  Dir  Mech  Engr  37WC93 
Norfolk,  VA;  Engr.  Dir.,  Rota  Spain;  Long  Beach.  CA:  Maint.  Cont.  Div..  Guantanamo  Bay  Cuba:  PWD 
(LTJG.P.M.  Motolenich).  Puerto  Rico:  PWD  -  Engr  Dept.  Adak.  AK;  PWD  -  Engr  Div.  Midway  Is.;  PWO. 
Guantanamo  Bay  Cuba;  PWO.  Keflavik  Iceland:  PWO.  Mayport  FL;  SCE,  Guam.  Marianas;  SCE,  Pearl 
Harbor  HI;  SCE.  San  Diego  CA;  SCE,  Subic  Bay.  R.P. 

NAVSUBASE  SCE,  Pearl  Harbor  HI 
NAVSURFWPNCEN  PWO.  White  Oak.  Silver  Spring.  MD 
NAVTECHTRACEN  SCE.  Pensacola  FL 
NAVWPNCEN  Code  2636  China  Lake 

NAVWPNSTA  (Clebak)  Colts  Neck.  NJ;  Code  092,  Colts  Neck  NJ;  Code  092,  Concord  CA;  Maint.  Control 
Dir.,  Yorktown  VA 

NAVWPNSTA  PW  Office  Yorktown,  VA 

NAVWPNSTA  PWD  -  Maint.  Control  Div..  Concord,  CA:  PWD  -  Supr  Gen  Engr.  Seal  Beach.  CA;  PWO. 

Charleston,  SC;  PWO.  Seal  Beach  CA 
NAVWPNSUPPCEN  Code  09  Crane  IN 

NCBC  Code  10  Davisville.  RI:  Code  15,  Port  Hueneme  CA:  Code  156.  Port  Huencme.  CA:  Library.  Davisville, 
RI;  PWO  (Code  80)  Port  Hueneme.  CA;  PWO.  Davisville  RI:  Technical  Library.  Gulfport.  MS 
NCR  20,  Commander 

NMCB  3,  SWC  D.  Wellington;  FIVE.  Operations  Dept;  Forty.  CO:  THREE.  Operations  Off. 

NOAA  (Mr.  Joseph  Vadus)  Rockville.  MD:  Library  Rockville.  MD 

NORDA  Code  410  Bay  St.  Louis.  MS:  Code  440  (Ocean  Rsch  Off)  Bay  St.  Louis  MS;  Code  500,  (Ocean  Prog 
Off-Ferer)  Bay  St.  Louis.  MS 

NRL  Code  5843  (F.  Rosenthal)  Washington,  DC:  Code  8441  (R.A.  Skop).  Washington  DC 
NROTC  J.W.  Stephenson,  UC.  Berkeley.  CA 
NSC  Code  54.1  Norfolk,  VA 
NSD  SCE.  Subic  Bay.  R.P. 

NUCLEAR  REGULATORY  COMMISSION  T.C.  Johnson.  Washington.  DC 

NUSC  DET  Code  131  New  London.  CT:  Code  EA123  (R.S.  Munn).  New  London  CT;  Code  TAI3I  (G.  De  la 
Cruz),  New  London  CT 

ONR  Central  Regional  Office,  Boston.  MA:  Code  481,  Bay  St.  Louis.  MS;  Code  485  (Silva)  Arlington.  VA: 
Code  700F  Arlington  VA 

PACMISRANFAC  HI  Area  Bkg  Sands.  PWO  Kekaha,  Kauai.  HI 
PERRY  OCEAN  ENG  R.  Pellen.  Riviera  Beach.  FL 
PHIBCB  1  P&E.  San  Diego,  CA;  1,  CO  San  Diego.  CA 

PMTC  Code  3144,  (E.  Good)  Point  Mugu.  CA;  EOD  Mobile  Unit.  Point  Mugu.  CA 

PWC  CO.  (Code  10),  Oakland.  CA;  Code  10.  Great  Lakes.  IL:  Code  105  Oakland.  CA;  Code  110.  Oakland. 
CA;  Code  120.  Oakland  CA;  Code  128.  Guam:  Code  154  (Library).  Great  Lakes.  IL;  Code  200.  Great 
Lakes  IL;  Code  200,  Guam;  Code  400.  Great  Lakes.  IL;  Code  400.  Pearl  Harbor,  HI;  Code  400.  San  Diego. 
CA;  Code  420.  Great  Lakes.  IL:  Code  420.  Oakland.  CA;  Code  424,  Norfolk.  VA;  Code  500  Norfolk.  VA: 
Code  505A  Oakland.  CA;  Code  600.  Great  Lakes,  IL;  Code  700.  San  Diego.  CA;  Library.  Code  I20C.  San 
Diego,  CA;  Library.  Guam;  Library.  Norfolk.  VA;  Library.  Pearl  Harbor.  HI;  Library.  Pensacola.  FL; 
Library,  Subic  Bay.  R.P.;  Library.  Yokosuka  JA;  Utilities  Officer.  Guam 
SUPANX  PWO,  Williamsburg  VA 

TVA  Smelser,  Knoxville.  Tenn.;  Solar  Group.  Arnold.  Knoxville.  TN 
UCT  ONE  OIC.  Norfolk,  VA 
UCT  TWO  OIC.  Port  Hueneme  CA 

U  S.  MERCHANT  MARINE  ACADEMY  Kings  Point,  NY  (Reprint  Custodian) 

US  DEPT  OF  INTERIOR  Bur  of  Land  Mgmnt  Code  583.  Washington  DC 

US  GEOLOGICAL  SURVEY  Off.  Marine  Geology.  Piteleki.  Reston  VA 

US  NATIONAL  MARINE  FISHERIES  SERVICE  Highlands  NY  (Sandy  Hook  Lab-Librarv) 

USCG  (G-MP-3/USP/82)  Washington  Dc 

US  GEOLOGICAL  SURVEY  (Chas  E.  Smith)  Minerals  Mgmt  Serv.  Reston.  VA 
USCG  G-EOE-4  (T  Dowd).  Washington.  DC:  Library  Hqs  Washington.  DC 
USCG  R&D  CENTER  CO  Groton,  CT;  D.  Motherway.  Groton  CT;  Library  New  London.  CT 
USDA  Ext  Service  (T.  Maher)  Washington.  DC:  Forest  Products  Lab.  (R.  DcGroot).  Madison  Wl;  Forest 
Service  Reg  3  (R.  Brown)  Albuquerque.  NM;  Forest  Service,  San  Dimas.  CA 
USNA  ENGRNG  Div.  PWD.  Annapolis  MD;  PWO  Annapolis  MD;  USNA/SYS  ENG  DEPT  ANNAPOLIS  MD 
USS  FULTON  WPNS  Rep.  Offr  (W-3)  New  York.  NY 
WATER  &  POWER  RESOURCES  SERVICE  (Smoak)  Denver.  CO 
BERKELEY  PW  Engr  Div.  Harrison.  Berkeley,  CA 

CALIF.  DEPT  OF  NAVIGATION  &  OCEAN  DEV.  Sacramento.  CA  (G.  Armstrong) 


CALIFORNIA  STATE  UNIVERSITY  (Yen)  Long  Beach.  CA;  LONG  BEACH.  C'A  (C'HELAPAT!) 
CORNELL  UNIVERSITY  Ithaca.  NY  (Civil  &  Environ.  Engr) 

DAMES  &  MOORE  LIBRARY  LOS  ANGELES.  CA 
DUKE  UNIV  MEDICAL  CENTER  B  Muga.  Durham  NC 
FLORIDA  ATLANTIC  UNIVERSITY  Boca  Raton.  FL  (McAllister) 

HARVARD  UNIV.  Dept,  of  Architecture,  Dr.  Kim.  Cambridge.  MA 
INSTITUTE  OF  MARINE  SCIENCES  Morehead  City  NC  (Director) 

IOWA  STATE  UNIVERSITY  Ames  1A  (CE  Dept.  Handy) 

WOODS  HOLE  OCEANOGRAPHIC  INST.  Woods  Hole  MA  (Winget) 

LEHIGH  UNIVERSITY  BETHLEHEM.  PA  (MARINE  GEOTECHNICAL  LAB..  RICHARDS):  Bethlehem 
PA  (Linderman  Lib.  No. 30,  Ftecksteincr) 

MAINE  MARITIME  ACADEMY  CASTINE,  ME  (LIBRARY) 

MICHIGAN  TECHNOLOGICAL  UNIVERSITY  Houghton.  MI  (Haas) 

MIT  Cambridge  MA:  Cambridge  MA  (Rm  10-5(X),  Tech.  Reports.  Engr.  Lib.) 

NATL  ACADEMY  OF  ENG.  ALEXANDRIA.  VA  (SEARLE.  JR.) 

NATURAL  ENERGY  LAB  Library.  Honolulu.  HI 

NEW  MEXICO  SOLAR  ENERGY  INST.  Dr.  Zwibel  Las  Cruces  NM 

NY  CITY  COMMUNITY  COLLEGE  BROOKLYN.  NY  (LIBRARY) 

OREGON  STATE  UNIVERSITY  (CE  Dept  Grace)  Corvallis.  OR;  CORVALLIS.  OR  (CE  DEPT,  BELL); 
Corvalis  OR  (School  of  Oceanography) 

PENNSYLVANIA  STATE  UNIVERSITY  STATE  COLLEGE,  PA  (SNYDER) 

PURDUE  UNIVERSITY  Lafayette  IN  (Leonards);  Lafayette.  IN  (Altschaeffl);  Lafayette.  IN  (CE  Engr.  Lib) 

SAN  DIEGO  STATE  UNIV.  1.  Noorany  San  Diego.  CA 

SCRIPPS  INSTITUTE  OF  OCEANOGRAPHY  LA  JOLLA.  CA  (ADAMS) 

SEATTLE  U  Prof  Schwaeglcr  Seattle  WA 

SOUTHWEST  RSCH  INST  King,  San  Antonio.  TX;  R.  DeHart,  San  Antonio  TX 

TEXAS  A&M  UNIVERSITY  College  Station  TX  (CE  Dept.  Hcrbich);  W.B.  Ledbetter  College  Station.  TX 
UNIVERSITY  OF  ALASKA  Doc  Collections  Fairbanks.  AK;  Marine  Science  Inst.  College.  AK 
UNIVERSITY  OF  CALIFORNIA  A-031  (Storms)  La  Jolla.  CA;  BERKELEY.  CA  (CE  DEPT.  GERWICK): 
BERKELEY.  CA  (CE  DEPT.  MITCHELL):  Berkeley  CA  (Dept  of  Naval  Arch  ):  Berkeley  CA  (E. 
Pearson);  DAVIS,  CA  (CE  DEPT.  TAYLOR);  La  Jolla  CA  (Acq.  Dept.  Lib.  C-075A) 

UNIVERSITY  OF  DELAWARE  Newark.  DE  (Dept  of  Civil  Engineering.  Chesson) 

UNIVERSITY  OF  HAWAII  HONOLULU.  HI  (SCIENCE  AND  TECH.  DIV);  Ocean  Engrng  Dept 
UNIVERSITY  OF  ILLINOIS  (Hall)  Uibana.  (L:  Metz  Ref  Rm.  Urbana  IL:  URBANA.  IL  (DAVISSON); 
URBANA.  IL  (LIBRARY) 

UNIVERSITY  OF  MASSACHUSETTS  (Heronemus).  ME  Dept.  Amherst.  MA 
UNIVERSITY  OF  MICHIGAN  Ann  Arbor  MI  (Richart) 

UNIVERSITY  OF  NEBRASKA-LINCOLN  Lincoln.  NE  (Ross  Ice  Shelf  Proj.) 

UNIVERSITY  OF  NEW  HAMPSHIRE  DURHAM.  NH  (LAVOIE) 

UNIVERSITY  OF  PENNSYLVANIA  PHILADELPHIA.  PA  (SCHOOL  OF  ENGR  &  APPLIED  SCIENCE. 
ROLL) 

UNIVERSITY  OF  RHODE  ISLAND  Narragansett  R!  (Pell  Marine  Sci.  Lib.) 

UNIVERSITY  OF  SO.  CALIFORNIA  Univ  So.  Calif 

UNIVERSITY  OF  TEXAS  Inst.  Marine  Sci  (Library).  Port  Arkansas  TX 

UNIVERSITY  OF  TEXAS  AT  AUSTIN  AUSTIN.  TX  (THOMPSON):  Austin.  TX  (Breen) 

UNIVERSITY  OF  WASHINGTON  SEATTLE.  WA  (APPLIED  PHYSICS  LAB):  SEATTLE.  WA  (OCEAN 
ENG  RSCH  LAB.  GRAY);  Seattle  WA  (E.  Linger) 

UNIVERSITY  OF  WISCONSIN  Milwaukee  Wl  (Ctr  of  Great  Lakes  Studies) 

VENTURA  COUNTY  PWA  (Brownie)  Ventura.  CA 

WOODS  HOLE  OCEANOGRAPHIC  INST.  Doc  Lib  1.0-206.  Woods  Hole  MA 

ALFRED  A.  YEE  &  ASSOC.  Librarian.  Honolulu.  HI 

AMETEK  Offshore  Res.  &  Engr  Div 

ARCAIR  CO.  D.  Young.  Lancaster  OH 

ARVID  GRANT  OLYMPIA.  WA 

ATLANTIC  RICHFIELD  CO.  DALLAS.  TX  (SMITH) 

BATTELLE-COLUMBUS  LABS  (D.  Hackman)  Columbus.  OH 
BECHTEL  C'ORP  SAN  FRANCISCO.  CA  (PHELPS) 

BETHLEHEM  STEEL  CO.  Dismuke.  Bcthelchem.  PA 
BRAND  INDUS  SERV  INC.  J.  Buchlcr.  Hacienda  Heights  CA 
BRITISH  EMBASSY  M  A  Wilkins  (Sci  &  Tech  Dept)  Washington.  DC 
BROWN  &  ROOT  Houston  TX  (D.  Ward) 

COLUMBIA  GULF  TRANSMISSION  CO.  HOUSTON.  TX  (ENG.  LIB.) 

CONCRETE  TECHNOLOGY  C'ORP.  TACOMA.  WA  (ANDERSON) 

CONTINENTAL  OIL  CO  O.  Masson.  Ponca  City.  OK 
DESIGN  SERVICES  Beck.  Ventura.  CA 
DILLINGHAM  PRECAST  F.  McHalc.  Honolulu  HI 


DRAVO  CORP  Pittsburgh  PA  (Wright) 

EXXON  PRODUCTION  RESEARCH  CO  Houston.  TX  (Chao) 

FURGO  INC.  Library.  Houston,  TX 

GEOTECHNICAL  ENGINEERS  INC.  Winchester.  MA  (Paulding) 

GLIDDEN  CO.  STRONGSVILLE.  OH  (RSCH  LIB) 

GRUMMAN  AEROSPACE  CORP.  Bethpage  NY  (Tech.  Info.  Ctr) 

HALEY  &  ALDRICH,  INC.  Cambridge  MA  (Aldrich,  Jr.) 

NUSC  DET  Library.  Newport.  RI 

LIN  OFFSHORE  ENGRG  P.  Chow.  San  Francisco  CA 

MARATHON  OIL  CO  Houston  TX 

MC  CLELLAND  ENGINEERS  INC  Corp  Library  Houston.  TX 

MEDERMOTT  &  CO.  Diving  Division.  Harvey.  LA 

MOBIL  R  &  D  CORP  Manager,  Offshore  Engineering.  Dallas.  TX 

MOFFATT  &  NICHOL  ENGINEERS  (R.  Palmer)  Long  Beach.  CA 

MUESER,  RUTLEDGE,  WENTWORTH  AND  JOHNSTON  New  York  (Richards) 

EDWARD  K.  NOD  A  &  ASSOC  Honolulu.  HI 

NEWPORT  NEWS  SHIPBLDG  &  DRYDOCK  CO.  Newport  News  VA  (Tech.  Lib.) 

OPPENHEIM  Los  Angeles.  CA 

PACIFIC  MARINE  TECHNOLOGY  (M.  Wagner)  Duvall.  WA 

PORTLAND  CEMENT  ASSOC.  SKOKIE.  IL  (CORLEY.  SKOKIE.  IL  (KLIEGER):  Skokie  IL  (Rsch  &  Dev 
Lab,  Lib.) 

RAYMOND  INTERNATIONAL  INC.  E  Colle  Soil  Tech  Dept.  Pennsauken.  NJ;  J.  Welsh  Soiltech  Dept, 
Pennsauken.  NJ 

SANDIA  LABORATORIES  Seabed  Progress  Div  4536  (D.  Talbert)  Albuquerque  NM 
SCHUPACK  ASSOC  SO.  NORWALK,  CT  (SCHUPACK) 

SEAFOOD  LABORATORY  MOREHEAD  CITY.  NC  (LIBRARY) 

SEATECH  CORP.  MIAMI,  FL  (PERONI) 

SHANNON  &  WILLSON  INC.  Librarian  Seattle,  WA 
SHELL  DEVELOPMENT  CO.  Houston  TX  (C.  Sellars  Jr.) 

SHELL  OIL  CO.  HOUSTON,  TX  (MARSHALL);  Houston  TX  (R.  de  Castongrene) 

TIDEWATER  CONSTR.  CO  Norfolk  VA  (Fowler) 

TILGHMAN  STREET  GAS  PLANT  (Sreas),  Chester,  PA 
WESTINGHOUSE  ELECTRIC  CORP.  Annapolis  MD  (Oceanic  Div  Lib,  Bryan) 

WESTINSTRUCORP  Egerton.  Ventura.  CA 

WEYERHAEUSER  CO.  (Fortman)  Tacoma.  WA 

WISS.  JANNEY,  ELSTNER,  &  ASSOC  Northbrook.  IL  (D.W.  Pfeifer) 

WM  CLAPP  LABS  -  BATTELLE  DUXBURY,  MA  (LIBRARY) 

WOODWARD-CLYDE  CONSULTANTS  (Dr.  R.  Dominguez).  Houston.  TX;  PLYMOUTH  MEETING  PA 
(CROSS.  Ill) 

ANTON  TEDESKO  Bronxville  NY 
BARTZ,  J  Santa  Barbara,  CA 
BRAHTZ  La  Jolla.  CA 
BULLOCK  La  Canada 
DOBROWOLSKI,  J.A.  Altadena,  CA 
ERVIN.  DOUG  Belmont,  CA 
GERWICK.  BEN  C.  JR  San  Francisco.  CA 
LAYTON  Redmond.  WA 
PAULI  Silver  Spring.  MD 
R.F.  BESIER  Old  Saybrook  CT 

BROWN  &  CALDWELL  Saunders.  E.M./Oakland.  CA 

SMITH  Gulfport,  MS 

T.W.  MERMEL  Washington  DC 


DISTRIBUTION  QUESTIONNAIRE 

The  Naval  Civil  Engineering  Laboratory  is  revising  its  primary  distribution  lists. 


SUBJECT  CATEGORIES 

1  SHORE  FACILITIES 

2  Construction  methods  and  materials  (including  corrosion 

control,  coatings! 

3  Waterfront  structures  (maintenance/deterioration  control) 

4  Utilities  (including  power  conditioning) 

5  Explosives  safety 

6  Construction  equipment  and  machinery 

7  Fire  prevention  and  control 

8  Antenna  technology 

9  Structural  analysis  and  design  (including  numerical  and 

computer  techniques) 

10  Protective  construction  (including  hardened  shelters, 

shock  and  vibration  studies) 

1 1  Soil  /rock  mechanics 

13  BEQ 

14  Airfields  and  pavements 

15  ADVANCED  BASE  AND  AMPHIBIOUS  FACILITIES 

16  Base  facilities  (including  shelters,  power  generation,  water  supplies) 

17  Expedient  roads/airfieids/bridges 

18  Amphibious  operations  (including  breakwaters,  wave  forces) 

19  Over- the- Beach  operations  (including  containerisation. 

materiel  transfer,  lighterage  and  cranes) 

20  POL  storage,  transfer  and  distribution 

24  POLAR  ENGINEERING 

24  Sama  as  Advanced  Base  and  Amphibious  Facilities, 
except  limited  to  cold-region  environments 


TYPES  OF  DOCUMENTS 

85  Tech  data  Sheets  86  Technical  Reports  and  Technical  Note* 

83  Table  of  Concents  A  Index  to  TDS 


28  ENERGY/POWER  GENERATION 

29  Thermal  conservation  (thermal  enginaering  of  buildings,  HVAC 

systems,  energy  loss  measurement,  power  generation) 

30  Controls  and  electrical  conservation  (electrical  systems, 

energy  monitoring  end  control  systems) 

31  Fuel  flexibility  (liquid  fuels,  coal  utilization,  energy 

from  solid  waste) 

32  Alternate  energy  source  (geothermal  power,  photovoltaic 

power  systems,  solar  systems,  wind  systems,  energy  storage 
systems) 

33  Site  date  and  systems  integration  (energy  resource  date,  energy 

consumption  date,  integrating  energy  systems) 

34  ENVIRONMENTAL  PROTECTION 

35  Solid  waste  management 

36  Hezardous/toxic  materials  management 

37  Wastewater  management  and  sanitary  engineering 

38  Oil  pollution  removal  end  recovery 

39  Air  pollution 

40  Noise  abatement 

44  OCEAN  ENGINEERING 

45  Seafloor  soils  and  foundations 

46  Seafloor  construction  systems  and  operations  (including 

diver  end  manipulator  tools) 

47  Undersea  structures  end  materials 

48  Anchors  and  moorings 

49  Undersea  power  systems,  electromechanical  cables. 

and  connectors 

50  Pressure  vessel  facilities 

51  Physical  environment  (including  site  surveying) 

52  Ocean-based  concrete  structures 

53  Hyperbaric  chambers 

54  Undersea  cable  dynamics 

82  NCEL  Guide  &  Updates  D  None- 

*1  n.y.ic.1  Security  """"  my  nMc 


INSTRUCTIONS 


The  Naval  Gvil  Engineering  Laboratory  has  revised  its  primary  distribution  lists.  The  bottom  of 
the  mailing  label  has  several  numbers  listed.  These  numbers  correspond  to  numbers  assigned  to  the  list  of 
Subject  Categories.  Numbers  on  the  label  corresponding  to  those  on  the  list  indicate  the  subject  category  and 
type  of  documents  you  are  presently  receiving.  If  you  are  satisfied,  throw  this  card  away  (or  file  it  for  later 
reference). 

If  you  want  to  change  what  you  are  presently  receiving: 

•  Delete  —  mark  off  number  on  bottom  of  label. 

•  Add  -  circle  number  on  list. 

•  Remove  my  name  from  all  your  lists  -  check  box  on  list. 

•  Change  my  address  —  line  out  incorrect  line  and  write  in  correction  (ATTACH  MAILING  LABEL). 

•  Number  of  copies  should  be  entered  after  the  title  of  the  subject  categories  you  select. 

Fold  on  line  below  and  drop  in  the  mail. 

Not*:  Numbare  on  label  but  not  listod  on  quattionnaira  arc  for  NCELuaa  only,  plaaM  ignore  tharn. 


Fold  on  line  and  staple. 
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